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EXECUTIVE SUMMARY

The Accessible Antenna Package (APACK) is a versatile, automated,

combined-antenna-and-propagation set of computer subroutines for predicting

electric far-field strength, directive gains, power gains, and transmission

loss for 16 types of linear antennas that are typically used at frequencies

between 150 kHz and 500 MHz. The types of antennas considered are:

horizontal dipole, vertical monopole, vertical monopole with radial-wire

ground screen, elevated vertical dipole, inverted-L, arbitrarily tilted

dipole, sloping long-wire, terminated sloping V, terminated sloping rhombic,

terminated horizontal rhombic, side-loaded vertical half-rhombic, horizontal

Yagi-Uda array, horizontally polarized log-periodic dipole array, vertically

polarized log-periodic dipole array, curtain array, and sloping double

rhomboid.

Ekpressions for fields from these antennas for direct and ground-

reflected waves are available in the literature and one form is employed in

the ECAC computerized SKYWAVE model. These expressions do not include radio

surface wave terms and, therefore, are not applicable to ground-wave

analyses. Ecpressions for the surface waves were developed, combined with the

existing expressions, and the combinations included in APACK. Previously

available ground-wave propagation models implicitly assume that the antenna is

an infinitesimal point source, i.e., a Hertzian dipole, whereas APACK

explicitly accounts for the antenna structure.

APACK accounts for the effects of lossy ground under the antennas in

three far-field regions: planar earth within the radio horizon (for low

antennas), spherical earth within the radio horizon (for high antennas), and

the diffraction region beyond the radio horizon. Automated switching criteria

are used to determine which of the three regions is appropriate for the

analysis.

The current distribution for a resonant antenna is assumed to be

sinusoidal, and the current distribution for a traveling-wave antenna is

iii
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assumed to be exponential. Cbmparisons of APACK predictions with various

types of data are presented indicating the versatility and reasonableness of

APACK. 3h particular, for an electrical large, sloping, double rhomboid,

APACK predicts behavior that is similar to that predicted by the Numerical

Electromagnetic cbde (NEC). However, one significant advantage of APACK is

that it requires only 1/1000th of the computer run time of the NEC analysis.

It is found that APACK is applicable except when the antenna employs resonant

elements of length very close to integral multiples of a wavelength since the

sinusoidal current distribution assumption is not appropriate in this case.

iv
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PREFACE

The Electromagentic Compatibility Analysis Center (ECAC) is a Department

of Defense facility, established to provide advice and assistance on

electromagnetic compatibility matters to the Secretary of Defense, the Joint

Chiefs of Staff, the military departments and other DoD components. The

center, located at North Severn, Annapolis, Maryland 21402, is under the

policy control of the Assistant Secretary of Defense for Communication,

Command, Control, and Intelligence and the Chairman, Joint Chiefs of Staff, or

their designees, who jointly provide policy guidance, assign projects, and

establish priorities. ECAC functions under the executive direction of the

Secretary of the Air Force and the management and technical direction of the

Center are provided by military and civil service personnel. The technical

support function is provided through an Air Force-sponsored contract with the

IIT Research Institute (IITRI).

To the extent possible, all abbreviations and symbols used in this report

are taken from American National Standard ANSI Y10.19 (1969.) 7'Letter Symbols

for Units Used in Science and Technology" issued by the American National

Standards Institute, Inc.

Users of this report are invited to submit comments that would be useful

in revising or adding to this material to the Director, ECAC, North Severn,

Annapolis, Maryland 21402, Attention: XM.
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SECTION I

INTRODUCTION

BACKGROUND

The Electromagnetic Compatibility Analysis Oenter (ECAC) is a Department

of Defense facility, established to provide advice, assistance, and analyses

on electromagnetic compatibility (EMC) matters. Many analyses have been and

are being performed in the frequency region between 150 kHz and 500 MHz for

both desired and interfering signals that propagate by ground wave as well as

sky wave.

The antenna-gain models currently used by ECAC for ionospheric sky-wave

analyses are those developed by the Institute for Telecommunication Sciences

(ITS) as part of a model for predicting ionospheric propagation (HFMUFES-4).
1

Because the antenna-gain models developed by ITS account for the contributions

of the direct and ground-reflected waves of linear antennas mounted over lossy

ground but do not consider the contribution of the surface wave, the models

are not suitable for use in ground-wave analyses.

For sky-wave calculations, it is proper to neglect the contribution of

the surface wave. Also, it is true that the contribution of the surface wave

is small for the case of a horizontally polarized wave. However, the

contribution of the surface wave is significant for ground-wave calculations

involving vertically polarized waves.

The surface wave is guided along the surface of the earth, much as an

electromagnetic wave is guided by a transmission line. Since the surface wave

1Barghausen, A.F., Finney, J.W., Proctor, L.L., and Schultz, L.D.,
Predicting Iong-Term Operational Parameters of High-Frequency SKYVAVE
Telecommunication Systems, ESSA Technical Report ERL 110-ITS-78,
Institute for Telecommunication Science, Boulder, CO, May 1969.

1I
.1



ESD-TR-80-102 Section 1

is affected by losses in the earth, its attenuation is directly affected by

the permittivity and conductivity of the earth.

Vhen both the transmitting and receiving antennas are located at the

surface of the earth, the direct and ground-reflected waves cancel each

other. In this case, the transmitted wave reaches the receiving antenna

entirely by means of the surface wave, assuming that there is no sky-wave or

tropospheric-scatter propagation.

ECAC has an operational method-of-moments computer program, the Numerical

Electromagnetic Code (NEC), 2 that predicts the gain pattern of an antenna in

the presence of a lossy ground and includes the surface wave term. NEC

requires as input detailed description of the antenna dimensions and location

and sizes of conducting obstacles (such as guy wires). In addition, NEC

requires considerable computer time to make its predictions.

Other models in use at ECAC3 '4 predict basic transmission loss without

calculating field strength for a Hertzian dipole but do not account for the

actual antenna configuration. Therefore, an automated model was needed to

calculate the gain and field strengths for commonly used linear antennas.

This model should be capable of predicting rapidly directive and power gains

suitable for both ground-wave and sky-wave analyses in addition to predicting

ground-wave transmission loss in the 150 kHz to 500 MHz region. The model was

2 Burke, G. and Poggio, A., Nmerical Electromagnetic Cbde (NEC) -- Method of
Moments, Part I: Program Description - Theory, Part II: Program Description -

Code, and Part III: User's Giide, Technical Document 116, Naval Ocean
Systems Center, San Diego, CA, 18 July 1977 (revised 2 January 1980).

3Meidenbauer, R., Chang, S., and Duncan, M., A Status Report on the
Integrated Propagation System (IPS), ECAC-TN-78-023, Electromagnetic
Compatibility Analysis Center, Annapolis, MD, October 1978.

4 Maiuzzo, M.A. and Frazier, W.E., A Theoretical Ground Vve Propagation
Model - NA Model, ESD-TR-68-315, Electromagnetic Cmpatibility Analysis
Center, Annapolis, MD, December 1968.

2
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designed to be modular in the sense that it would be a collection of

subroutines to be called by the various other ECAC models as needed. This

collection of subroutines is termed APACK.

OBJECTIVES

The objectives of this report are:

1. To document the equations that comprise APACK and provide an overview

of the methods used to develop the equations

2. Tb compare APACK predictions for antenna gain and transmission loss

with other available data.

APPROACH

The Hertzian Dipole

The Hertzian dipole is used as a building block in the analysis of linear

antennas, because the fields of linear antennas are given in terms of

integrals of the current distribution. Since the current distribution of the

Hertzian dipole is assumed to be uniform, the integrals describing the fields

of a Hertzian dipole are simplified. Actual linear antennas with nonuniform

current distributions can then be simplified for the purposes of analysis by

considering them to be comprised of a superposition of many Hertzian dipoles,

each with a uniform current distribution.

The equations of a Hertzian dipole over lossy planar earth are well

Known.5,6  The actual antenna structure was considered as a superposition of

Hertzian dipoles giving a sinusoidal current distribution for the antenna.

~5
5 Banos, A., Jr., Dipole Radiation in the Presence of a (bnducting Half-Space,
Pergamon Press, Oxford, England, 1966.

6Weeks, W.L., Antenna Engineering, MLGraw-Hill, New York, NY, 1968.

3

%2, . .
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Appropriate formulations were applied to extend the equations for the fields

over planar earth to spherical earth within the radio horizon and to the

diffraction region beyond the radio horizon.

Even the analysis of the fields of a Hertzian dipole is not simple when

it is located over lossy planar earth.7'8'9 The analysis herein is based on

that of Norton.10 Norton provides practical formulas to calculate the field

intensity of electric and magnetic dipoles over lossy ground. Norton also

separated his solutions into a space wave and a surface wave. It has been

shown that Norton's formulation gives close agreement with the numerical

solution of Sommerfeld's equations.
1 1

Linear Antennas Over Lossy Planar Earth

APACK predicts basic transmission loss from calculated values of electric

field strength. The APACK field strengths account for the actual antenna

structure and include the effects of the contributions of the direct, ground-

reflected, and surface waves.

7Sommerfeld, A., "Uber die Ausbreitung der Wellen in der drahtlosen
Telegraphic," Ann. Physik, Vol. 28, 1909, pp. 665-736.

8Sommerfeld, A., "Uber die Ausbreitung der Wellen in der drahtlosen
Telegraphic," Ann. Physik, Vol. 81, 1926, pp. 1135-1153.

9Sommerfeld, A., Partial Differential Equations, Academic Press, New York,
NY, 1949.

'0Norton, K.A., "The Propagation of Radio Waves Over the Surface of the
Earth and in the Upper Atmosphere": Part I, Proc. IRE, Vol. 24, October 1936,
pp. 1369-1389; Part II, Proc. IRE, Vol. 25, September 1937, pp. 1203-1236.

11Kuebler, W. and Snyder, S., The Sommerfeld Integral, Its Computer
Evaluation and Application to Near Field Problems, ECAC-TN-75-002,
Electromagnetic Compatibility Analysis Center, Annapolis, MD,
February 1975.

4 .
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The equations developed for the contributions of the direct and ground-

reflected waves from the 16 linear antennas listed in TABLE 1 have been

derived previously by others. Laitenen derived formulas for the fields of

linear antennas assuming a sinusoidal current distribution.12 He included

only the direct and ground-reflected waves in his calculation. Ma and

Mlters 1 3 derived similar formulas, and Ma later extended the results using a

more accurate three-term current distribution. 1 4  However, Laitenen, Ma, and

Wlters (see References 12, 13, and 14) do not consider the surface wave.

The surface wave formulas used in APACK were formulated in terms of the

fields of a current element over lossy planar earth employing Nbrton's

equations. The expressions for directive gain and power gain were derived

from the expressions for the far fields.

Thus, the initial steps in the development of the APACK equations were

the formulation of the expressions for directive and power gains in terms of

the far fields and the formulation of the expressions for the far fields of a

current element over lossy planar earth. These formulations are presented in

Section 2.

Assumed Antenna Crrent Distribution

The determination of the fields of the current element requires a

knowledge of the current distribution on the element which, in turn, requires

a knowledge of the current distribution on the actual antenna structure. The

1 2 Laitenen, P., Linear a3mmunication Antennas, Technical Report No. 7, U.S.
Army Signal Radio Propagation Agency, Fort Monmouth, NJ, 1959.

, M.T. and 'lters, L.C., Power Gains for Antennas Over lossy Plane Ground,

Technical Report ERL 104-ITS 74, Institute for Telecommunication Sciences,
Boulder, CD, 1969.

"Ma, M.T., 7heory and Application of Antenna Arrays, Aley Interscience,
New York, NY, 1974.

5
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equations derived for APACK assume that the current distribution for a

resonant antenna is sinusoidal and that the current distribution for a

traveling-wave antenna is exponential.

TABLE 1

TYPES OF LINEAR ANTENNAS PRESENTLY INCLUDED IN APACK

1. Horizontal dipole

2. Vertical monopole

3. Vertical monopole with radial-wire ground screen

4. Elevated vertical dipole

5. Inverted-L

6. Arbitrarily tilted dipole

7. Sloping long-wire

8. Terminated slopinq-V

9. Terminated sloping rhombic

10. Terminated horizontal rhombic

11. Side-loaded vertical half-rhombic

12. Horizontal Yagi-Uda array

13. Horizontally polarized log-periodic dipole array

14. Vertically polarized log-periodic dipole array

15. Crtain array

16. Sloping double rhomboid

Sinusoidal current distribution was first treated by Pocklington.
15

However, it is well known that sinusoidal current distribution is only an

approximation. Schelkunoff and Ftiis 16 made the following statements on the

relationship between the current distribution and the radiation pattern as

well as the radiated power.

Pocklington, H.E., "Electrical Oscillations in &res," Cbmb. Phil. Soc.
Proc., 25 October 1897, pp. 324-332.

1 6Schelkunoff, S.A. and FWiis, H.T., Antennas, Iheory and Practice,
John Wiley and Sons, New York, NY, 1952.

6
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The radiation pattern and power radiated by the antenna are
insensitive to errors in the assumed form of current
distribution. The antenna current must be known more
accurately if we are interested in the minima in the radiation
pattern; but it need not be known accurately otherwise....

A primary consideration in the design of APACK was that the resulting

model execute in minimal time for each required value of gain or transmission

loss. This consideration is due to the fact that hundreds or thousands of

values of gain may be necessary for an analysis of one circuit throughout the

HF band or thousands of values of transmission loss may be required for

analyzing a ground-wave circuit over a wide range of frequencies. The need

for large numbers of predictions involving many frequencies precludes the use

of method-of-moments models that use matrix techniques to compute the antenna

current distribution at each frequency.

Also, because it was important that the model execute in minimal time, a

sinusoidal current distribution was assumed for resonant antennas. This

distribution is not as accurate or elegant as the three-term current

distribution used by Ma (see Reference 14), but it does provide reasonable

results except when the lengths of the resonant elements are very close to

integral multiples of a wavelength.

The restrictions associated with the sinusoidal current distribution for

resonant antennas do not arise with traveling-wave (i.e., nonresonant)

antennas when an exponential current distribution is assumed. The use of the

exponential current distribution was, therefore, believed to be reasonable

without restrictions.

E~tension of the ERrmulation to Spherical Earth

Tten the antenna is located close to the surface of the earth, the earth

can be considered as planar. However, when the feed point of the antenna is

located several wavelengths or more above the surface, the earth can no longer

be considered as planar for calculations within the radio horizon.

7
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Therefore, the formulation of the fields of a current element over lossy

planar earth (presented in Section 2) was extended to account for the

curvature of the earth. Although the Bremmer formulation17 can be used within

the radio horizon, many terms of the series for the fields are required to

make the series converge in this region.

Norton 18 provided approximate formulas that account for the curvature

without resorting to the rigorous &emmer techniques and are computationally

efficient. Norton's formulas were thus used to extend the APACK equations to

account for the curvature of the earth within the radio horizon. This

extension is presented in Section 3.

Extension of the rmulation to the Diffraction Region

In the diffraction region beyond the radio horizon, the basic formulation

presented in Section 2 for the fields of a current element over lossy planar

earth was modified by making use of the radiation vector and the Eremmer

formulation (see Reference 17). The radiation vector is similar to the

formulation presented in Section 2 and accounts for the geometry of the

antenna structure. The Bremmer secondary factor accounts for the geometry of

the path.

The resulting electric far-field components, presented in Section 4, are

in terms of the product of the radiation vector and the Bemmer secondary

factor. The advantage of this formulation for APACK calculations in the

diffraction region was that the radiation vector and Bremer secondary factor

could be calculated independently, and thus the two routines could be modular.

17 Bremmer, H., Terrestrial Radio Mves, Elsevier Publishing (b.,
New York, NY, 1949.

18orton, K.A., "The Chlculation of Ground Whve Field Intensity Over a
Finitely Cbnducting Spherical Earth," Proc. IRE, Vol. 29, No. 12,
December 1941, pp. 623-639.

8
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Resulting Rrmulas for Field Strength and Gain

The formulation presented in Section 2 with the extensions presented in

Sections 3 and 4 was used to derive equations for the electric far-field

components, directive gain, and power gain for the 16 types of linear antennas

considered (see TABLE 1). Sinusoidal current distribution was assumed for

resonant antennas, and exponential current distribution was assumed for

traveling-wave (i.e., nonresonant) antennas.

Tb simplify the use of this report for reference purposes, key equations

for determining the field strengths and directive gains of the antennas are

listed in TABLE 2 in Section 5. TABLE 2 refers to appropriate equations in

APPENDIXES A and D in which the mathematical details for each antenna are

provided. In addition to TABLE 2, Section 5 includes a figure showing the

geometry of each antenna and a brief introduction to each antenna for the

uninitiated reader.

Transmission Loss

Because the basic equations derived for APACK are for the electric far

fields of the antennas, calculations of ground-wave transmission loss are also

straightforward. The general equations presented in Section 6 were used to

derive the transmission loss relative to free-space loss in terms of the power

gains of the antennas and the ratio of the actual disturbed field at the

observation point to the free-space field at the observation point.

Automated criteria, also presented in Section 6, were used to determine

in which of the three regions the far-field observation point lies: planar

earth (for low antennas), spherical earth (for high antennas), or the

diffraction region beyond the radio horizon. These criteria are based simply

on the path length, operating frequency, and heights of the transmitting and

receiving antenna feed points above ground. The criteria were also used in

conjunction with the equations listed in TABLE 2 of Section 5 so that

9
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calculations of field strength and gain, in addition to transmission loss,

would automatically account for the location of the observation point.

Oomparisons Between APACK Predictions and Other Data

Gains predicted by APACK were compared with gains obtained from other

sources. These comparisons, presented in Section 7, include an example of

each of the 16 types of antennas and various ground constants (i.e.,

conductivities and permittivities). Nhile the comparisons are not exhaustive,

they do indicate that APACK gain predictions are reasonable.

Transmission-loss predictions made by APACK were compared with

transmission-loss predictions obtained from other sources and are presented in

Section 8. Various ground constants, typical of soil and sea water, were used

to demonstrate the versatility of the model.

10
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SECTION 2

GENERAL CONSIDERATIONS FOR CALCULATING GAIN AND

FIELD INTENSITIES OF A LINEAR ANTENNA

INTRODUCTORY REMARKS

The directive and power gains calculated by APACK use the definitions of

gains in terms of the electric far fields of the antenna being considered.

Electric far field intensities are calculated from those of a current element

located above planar earth. Fresnel reflection coefficients are used to

account for the presence of ground both in formulating the electric far fields

and in formulating the radiation resistance.

This section presents general expressions for calculating directive and

power gain. It also presents the expressions for the electric far fields of a

current element located above planar earth. The formulation for the current

element is extended in Section 3 to include the effects of spherical earth

within the radio horizon by using the divergence factor with the Ftesnel

reflection coefficients. The radiation vector and Bremmer secondary factor

are used in Section 4 to include the diffraction region beyond the radio

horizon.

GAIN CALCULATIONS

The directive gain (gd) of an antenna in a given direction is defined as

the ratio of the radiation intensity in that direction to the average power

radiated per unit solid angle. Thus:

_ ~(6,f (6,0) 4w1 ~((,0) (2-1)
gd(e' $)  w w

av r r
4w

11
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where

gd(O,#) = directive gain in the direction specified by the spherical-

coordinate angles e and (numerical ratio)

= radiation intensity in the direction specified by the spherical-

coordinate angles 6 and 0, in watts/steradian

av = average power radiated per unit solid angle, in watts/steradian

Wr = total power radiated by the antenna, in watts.

The radiation intensity in a given direction can also be defined in terms

of electric field intensity by:

- r 2E (e6') (2-2)
1207r

where

r = spherical-coordinate radial distance, in meters

E(e,#) = electric far field in the direction specified by the spherical-

coordinate angles e and *, in volts/meter.

From Equations 2-1 and 2-2:

r 21iE(e,) 2  r I(e,)t (2-3)gd 30 W 2
r 301 R

b rb

12
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where

= current at the antenna feed point (base), in amperes

Rrb = radiation resistance referred to the antenna feed point (base),

in ohms.

The maximum value of the directive gain is called the directivity. The

directivity is sometimes loosely referred to as the "gain," but this usage is

depracated.

The power gain (gP) of an antenna in a given direction is defined by:

g 4 00 (2-4)
P W.

in

where

9 , = power gain in the direction specified by the spherical-coordinate

angles 8 and * (numerical ratio)

Win = power input to the antenna, in watts.

The radiation efficiency (n) is defined by:

W
71 r (2-5)

W.
In

(n is a numerical ratio, 0 < n < 1.)

13
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From Equations 2-1 and 2-5:

n gd(eO) = = g0(0,4) (2-6)
W,
in

Since n < 1, gp < gd' and the difference between gp and gd can be

significant. The radiation efficiency can also be expressed as:

= Rrb (2-7)

Rrb + Rloss

where

Rl oss = losses associated with the antenna, in ohms.

From Equations 2-3, 2-6, and 2-7:

2- 2

p(e) = r IE(e, )l (2-8)
30 Ib2 (Rrb + Rloss

In spherical coordinates r, e, *:

IE(e,)I2 = IEt 2 + IE 12  (2-9)

The power gain in decibels (Gp) is given by:

Gp (6,) = 10 logi0 g (1,0) (2-10)

14,
14



ESD-TR-80-102 Section 2

FIELD-INTENSITY CALCULATIONS

Consider a linear antenna element as shown in Figure I with the XY-plane

being lossy planar earth. The electric-field components produced by the

antenna at a point P (r,8,0), including the contributions of the direct,

ground-reflected, and surface waves are given in spherical coordinates (r,e,O)

by: -jkr

e

E = j30k - Icos a cos - cos e
8 r

-jskH cose
2 jks cos4j s

x f I(s) e (1 -R e (2-11)
0 v

+ surface wave terms) ds - sin a' sin6

-j2kH cosG

2 jks cos* S
x f I(s) e (1 + R e

0 v

+ surface-wave terms) ds

-jkr
e £ jks cos*

E = -j30k - cos cz sin (f - ') f I(s) e
* r 0

(2-12)
-j2kH cose

5

x (1 + R e + surface-wave terms) ds
h

where

E, 6 -, 0- component of the electric far field, in volts/meter

k = 2 I/A

S= wavelength, in meters

15
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r = radial distance from the origin to the far-field point P(r,6,0), in

meters

a' = angle between the antenna element and its projection on the XY-plane,

in degrees

= angle between the X-axis and the projection of the antenna element on

the XY-plane, in degrees

£ = length of the antenna element, in meters

I(s) = linear current density for the antenna element, in amperes/meters

s = linear coordinate coinciding with the antenna element, in meters

= angle between the antenna element and the line from the origin to the

far-field point P(r,B,0), in degrees

Rv = Fresnel reflection coefficient for the vertically polarized

component, defined below

Hs = height of the current element at ds above the XY-plane, in meters

ds = differential element of length along the antenna element, in meters

Rh = Fresnel reflection coefficient for the horizontally polarized

component, defined below

6' = angle between the Z-axis and the antenna element, in degrees.

The angle 1P can be calculated from:

cos* = cose cos8' + sin e sine' cos (0-6') (2-13)

where the primed coordinates refer to locations on the antenna element and

unprimed coordinates refer to the far-field observation point P(r,e,4).

The PWesnel reflection coefficients for the vertically and horizontally

polarized components of the electric field (Rv and Rh , respectively) are given

by:

2 2 co0rn2en cos e - n - sin27
Rv rn o r'  (2-14)

r r

17
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and

Cose - n - sin2r r
R h 2 r (2-15)

cos 8 r + In si 7

where

n = refractive index of the medium under the antenna, defined below

8 r = angle between the line from the image of the current element at ds to

the far-field point P(r,6,f) and the Z-axis, in degrees.

The refractive index of the medium under the antenna (n) is:

2 18000on = rJ -jf (2-16)
r MHz

where

Cr = relative dielectric constant of the medium (dimensionless)

a = conductivity of the medium, in mhos/meter

f MHz =  frequency, in MHz.

The input resistance of an antenna (Rin), including the effects of lossy

ground, is calculated from:

Rin = R11 + Re (CZ ) (2-17)

18
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where

Ri = input resistance, in ohmsin
Ri, = real part of the antenna self-impedance, in ohms

Zm = mutual impedance between the antenna and its image in perfectly

conducting ground, in ohms

C = factor to account for lossy ground, as given below.

c = e- ja (R h  cos aA + j R - sin a') (2-18)

t' is obtained by evaluating Equation 2-15 at Or = 00 to give:

R i-n (2-19)

R' is obtained by evaluating Equation 2-14 at 8 r = 00 to give:

v n-1 (2-20)
v n+1

VARIATION OF ANTENNA GAIN AS A FUNCTION OF FAR-FIELD DISTANCE

The definitions of directive gain and power gain of an antenna are the

result of considering the properties of an antenna located in free space.

hen the fields vary as 1/r, the expressions for directive gain and power gain

(see Equations 2-3 and 2-8) are not a function of the distance from the

antenna to the observer.

However, when an antenna is deployed over lossy ground, the far fields no

longer vary exactly as 1/r. Thus, the presence of lossy ground makes the gain

19
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a function of the far-field distance between an observer and the antenna under

consideration. Weks presents the following discussion of this point (see

Reference 6, pp. 346-347).

The measurements and application of the concepts of power gain,
directivity, and radiation efficiency are particularly difficult
when the antennas must operate in lossy environments. The
definitions of these quantities were conceived initially to provide
simplicity in free-space environments; they do not lend simplicity
elsewhere. Honest and meaningful evaluation are also clouded by the
divergent motives and objectives of the pure antenna engineer and
the user. For, if system performance is degraded by an environment
over which he has no control, the antenna engineer understandably
would like to describe the gain and efficiency of his product as
they would be in an ideal environment, since after all "his" part of
the system is "working fine."

On the other hand, the systems engineer and user are concerned with
overall performance and, understandably, are not kindly disposed
toward an antenna that would "work fine"~ in an ideal environment but
fails to provide communication in the actual environment. So, to
sell his product, the antenna engineer must evaluate his product as
it would function in an actual environment.

The most common application in which these difficulties are manifest
is that of antennas for operation on or close to the surface of the
earth, at frequencies below, say 30 MHz. Here, one of the most
basic difficulties is that the definitions of power gain and
directive gain have in them inherently the assumption that the
fields vary as 1/r and that the power density varies as 1/r. In the
actual earth environment, this is not the case; in the direction
near the ground, the field falls off faster than this, perhaps much
faster. Thus, with a direct application of the usual definition,
the gain depends on distance from the antenna. The radiation
pattern may also depend on the distance from the antenna structure,
even though the distance may be large compared with the free-space
distant-field criteria. At large distances, even for vertical
antennas, there is usually essentially a null at the horizon.

Since the electric far field due to the surface wave attenuates more

rapidly than 1/r the gain obviously is a function of far-field distance when

the surface-wave contribution is included in the total field. Less obvious is

the fact that gain can be a function of far-field distance even if the

surface-wave contribution is not included. This fact will be addressed below.

20
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The objective of the SKYVAVE antenna gain routines (see Reference 1) is

to calculate vertical gain patterns for use in ionospheric propagation

predictions, so the SKYMAVE gain equations do not include distance at all.

APACK calculates both sky-wave and ground-wave field strengths and gains.

APACK directive and power gain are calculated from Bquations 2-3 and 2-8,

respectively, from the electric far fields.

As long as the field strength varies as 1/r, gain is independent of

distance. The reason that gain can vary as a function of far-field distance

even if the surface-wave contribution is not included is that the Fesnel

reflection coefficients depend on the angle 8 r which changes with distance.

21/22



ESD-TR-80-102 Section 3

SECTION 3

EXTENSION OF THE FORMULATION TO SPHERICAL EARTH

WITH THE RADIO HORIZON

INTRODUCTORY REMARKS

The formulation of the far fields of a current element presented in

Section 2 assmes that the element is located above planar earth. W-hen the

feed point of the antenna is located several wavelengths or more above the

surface of the earth, the earth can no longer be considered planar.

RFr rigorous calculations of electric field intensities over a spherical

earth, the Bremmer formulation (see Reference 17) should be used. However,

since the Bremmer series requires a large number of terms for convergence

within the radio horizon, this formulation is used by APACK only in the

diffraction region beyond the radio horizon. Vithin the radio horizon, the

planar earth formulation can be modified to account for the curvature of the

earth without resorting to the rigorous Fremmer techniques (see Reference 17).

Strictly speaking, a spherical reflection coefficient should be used to

include the effect of earth curvature. APACK uses the BResnel reflection

coefficient within the radio horizon because the difference between the

Fresnel coefficient and the spherical coefficient is negligible except near

the horizon. The Fresnel coefficient must be appropriately modified, however,

by the divergence factor.

CALCULATION OF THE DIVERGENCE FACTOR

The divergence factor (adiv), a geometrical quantity independent of

frequency, is a measure of the extra divergence acquired by a beam of rays

after reflection from a spherical surface as opposed to a planar surface. The

divergence factor is defined by:

23
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a (C+C) sin a cos8a"d1 (3-1)adiv b' sine (C b' cosa' + Cb cos)

when

0.005577Ns  -1

a = 6370 [-0.04 66 5 e - (3-2)

-0. 1057h
N = N e s (3-3)

where

ae = effective earth radius, in kilometers

Ns = surface atmospheric refractivity, in N-units

No  = surface atmospheric refractivity reduced to sea level, in N-units

hs = elevation of the surface above mean sea level, in kilometers.

(If No and h s are not given, Ns = 301 is assumed.) The quantities C, C', a,

a', 0, and e are as defined in Figure 2. The quantities b, b', and d are

defined by:

b = a +h 2  (3-4)

b' = a + h (3-5)e 1

d = a e (3-6)
e

24



ESD-TR-80- 102 Section 3

OBSERVER

z0

R

a C



ESD-TR-80- 102 Section 3

wher = height of the tranmitting antenna feed point above ground, in

kilometers

h2= height of the receiving antenna feed point above ground, in

kilometers

d = path length (measured along the surface of the spherical earth), in

kilometers

7hre distances C and C' and the angles y and y'*(as defined in Figure 2)

and the angles a, a' and 8 can be calculated from the antenna height (h 1 and

h 2 ) and the path length (d) by using the nine-step procedure given below.

Step 1

Determine the ratio of the heights (u) from:

h 2 b-a e h2

hI b- a 2

U = (3-7)

and let: h2 e b- 2  < 1
h2ae h1

V d (3-8)

Step 2

Solve for S from:

S3 3 S2 S~ 1 +u + 1 0(39
2 2 1 2 V2
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Step 3

Solve for a from:

8=tan-[ 1 V SI (3-10)

Step 4

Solve for a and a' from:

a = sin' _ Cos 8)(3-11)

a =sin / os (3-12)

Step 5

Calculate y and y' from:

Y = wr/2 - (a + 8)(3-13)

A= wt/2 - (a' + 8)(3-14)

Step 6

Check to see whether or not:

82 = i-2- (a +a') (3-15)

with 8 given by Equation 3-6.

27
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If the equality in Equation 3-15 is not satisfied, assume another value of 8

and repeat Steps 4, 5, and 6 until the equality in Equation 3-15 is satisfied.

Step 7

Calculate C anJ1 C' from:

C= a sin y (3-16)
e sina

sin y'
C = a . (3-17)

e sina

Step 8

Solve for Rd (needed for the calculation of the field strength due to the

direct wave) from:

Rd = 4b2 + b'2 _ 2 bb' cos (3-18)

with b, b' , and e given by Equations 3-4, 3-5, and 3-6, respectively.

Step 9

Solve for adiv from Euation 3-1.

SUMMARY

IWthin the radio horizon, the divergence factor is used by APACK to

account for the effects of earth curvature without using the Bremer

28
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formulation. The contribution of the direct wave at the observation point is

calculated using the antenna heights and path length. The contribution of the

ground-reflected wave at the observation point is calculated from the antenna

heights and path length by using the Ffesnel reflection coefficient multiplied

by the divergence factor. Since the surface-wave contribution is negligible

when the antennas are several wavelengths or more above the ground, the

surface wave does not have to be included in this region.

i
I.
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SECTION 4

EXTENSION OF THE FORMULATION TO THE DIFFRACTION REGION

BEYOND THE RADIO HORIZON

INTRODUCTORY REMARKS

The formulation presented in Section 2 for the far fields of a current

element assumes that the element is located above planar earth. Fbr

calculations of field intensities over a spherical earth in the diffraction

region beyond the radio horizon, APACK employs the Bremmer formulation (see

Reference 17). This formulation gives the far fields of a linear antenna in

terms of the radiation vector which accounts for the geometry of the antenna

and the Bremmer secondary factor which accounts for the geometry of the path.

The radiation vector is useful not only in describing the far fields in

the diffraction region but also for calculating antenna gain. Therefore, the

radiation vector will be discussed first, followed by a discussion of the

diffraction region far fields.

THE RADIATION VECTOR

The radiation vector (N) for a linear antenna is defined by:19'20

N = fL I(s)ejkscOsI ds (4-1)

19 Fbster, D., "Radiation from Rhombic Antenna," Proc. IRE, Vol. 25, No. 10,

October 1937, pp. 1327-1353.

2 0Schelkunoff, S.A., "A General Radiation Rbrmula," Proc. IRE, Vol. 27, No. 10,

October 1939, pp. 660-666.
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where L indicates integration over the current elements comprising the linear

antenna and all other terms have been defined in Section 2 following Equations

2-11 and 2-12 (see also Figure 1). In spherical coordinates (r,8,0), the

radiation vector can be written as:

n = a N + a N +a N (4-2)

where ar, a., and are unit vectors in the r-, 6-, and *-directions,

respectively.

The free-space far-field components are then given in terms of the

radiation vector by:

e-j kr

E = j30k - N (4-3)
6 r 6

e-jkrEo =J30k -r No  (4-4)

H j3ok e (45)120v r

H j30k ejkrN (4-6)
120m r

where

E6 e-, *- component of the electric far field, in volts/meter

H ,4 6 0-, *- component of the magnetic far field, in amperes/meter

N W 6-, *- component of the radiation vector, in volt-meters
2w

k . - where X is wavelength, in meters

r = radial distance from the origin to the observation point, in meters.
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The time-average Poynting vector (P) is found from:

1- -*P = - a R (ExH) (4-7)
r 2 r e

where

P = time-average Poynting vector, in watts/square meterr

a = unit vector in the r-direction in spherical coordinates (r, 8, 0)r

E = electric far field, in volts/meter

H = magnetic far field, in amperes/meter

(In Equation 4-7, "Re" denotes the real part of, and "*" denotes complex

conjugate.) For the components of E and H given by Equations 4-3 through 4-6:

P - a R (E H + E H) (4-8)
r 2 r e 099J6

Substituting Equations 4-3 through 4-6 into Equation 4-7, the magnitude

of the time average Poynting vector can be written in terms of the radiation

vector as:

= (30k)2 IN1 2 + IN,12]
Pr 2 1207r 2

(4-9)

15r L + IN 12]

r 2
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The radiation intensity (0) is then given by:

r2 P 5n = 15 2 + IN2 (4-10)

where

= radiation intensity as a function of the spherical angular

coordinates 8 and 0, in watts/steradian.

Therefore, the antenna power gain (gp) can be expressed as:

g 47r (8,0) 15 k
2 (IN12 + INI 2 1

= w. w. (4-11)
in in

where

gp(O,) = power gain as a function of the spherical angular coordinates

9 and 0 (numerical ratio)

Win = power input to the antenna, in watts.

THE BREMMER EORMULATION

The divergence factor, presented in Section 3, extends the basic

formulation for an elementary current element over planar earth to include the

effects of spherical earth within the radio horizon. Beyond the radio

horizon, diffraction phenomena must be taken into account.
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7he problem of electromagnetic wave propagation over a lossy homogenous

spherical earth was solved by Bremmer (see Reference 17) and others2 1'2 2 many

years ago. In this solution, the transmitting antenna is assumed to be a

Hertzian dipole.

The assumption of a Hertzian dipole antenna does not fundamentally limit

the solution obtained because it is well known that the fields of an antenna

of finite length can be obtained by integration from the superposition of

Hertzian dipole. The integration is not straightforward, however, because the

fields of a Hertzian dipole located above lossy spherical earth are given by

an infinite series.

In the spherical-earth theory, the vertical component of the electric far

field of a Hertzian dipole is given by:
2 3

E 1 0 £k2 e- jkr 30k I 0 (4-12)
41T cd 2) d oekr4-

where

E = vertical component of the electric far field, in volts/meter

Io = Hertzian dipole current, in amperes

21Van der Pol, B. and Bremmer, H., "The Diffraction of Electromagnetic Dhves
from an Electrical Point Source Round a Finitely Cbnducting Sphere,"
Phil. Mag.: Ser. 7, 24, 1937, pp. 141-176 and 825-864; 25, 1938,
pp. 817-834; and 26, 1939, pp. 261-275.

Fck, V.A., Eectromagnetic Diffraction and Propagation Problems, Pergamon

Press, New York, NY, 1965.

2 3 Johler, J.R., Kellar, W.J., and Wlters, L.C., Phase of the low Radio-
Frequency Ground Vhve, National Bureau of Standards Circular 573, National
Bureau of Standards, Mulder, CO, 26 June 1956.
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= length of the Hertzian dipole, in meters

k = wave number (-) , in meters- '

Co = permittivity of free space, in farads/meter

W = frequency, in radians/second

d = distance along the surface of the spherical earth, in meters

r - radial distance from the origin to the observation point, in meters

Fr = remmer secondary factor.

The Breumer secondary factor (Fr) is used to describe the far fields of

linear antennas in the diffraction region when the radiation vector for the

antennas is known. Fr is given by:

- -f (h) f (h)

3 d s 1 s 2
F = au (ka) -
r a S=O1

2 (4-13a)
j 1 2 !

3 3 d ad
x exp (ka) T a - + - + -s a 2a 4

where

a = radius of the spherical earth, in meters

ae = effective radius of the spherical earth, in meters
a

a = - = parameter associated with the vertical lapse of the permittivity
e of the atmosphere (dimensionless)

hI = height of the transmitting antenna feed point above the surface of

the spherical earth, in meters

h2 M height of the receiving antenna feed point above the surface of

the spherical earth, in meters

f (h1 ) - height gain factor of the transmitting antenna

fs(h 2 ) - height gain factor of the receiving antenna
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j (37 

6 = K e (for a vertical element) (4-13b)
e e

+ m)

6 K e (for a horizontal element) (4-13c)

The factor T. is calculated from Riccati's differential equation:

d6e 26 2 T + 1 = 0 (4-13d)
dT e ss

Obmputational formulas for evaluating fs (hl), fs (h2), rS, and 6 can be

found in Reference 23, Appendix I. Although the formulas presented in

Reference 23 are not amendable to manual computation, they can be used for

automated calculations.

As shown in Reference 20, the free-space field intensities of linear

antennas other than the Hertzian dipole can be obtained by replacing the

dipole moment in expressions fof the field intensities of a Hertzian dipole

with the radiation vector. Extending this principle to the diffraction

region, the equations for the' electric far-field components of a linear

antenna in the diffraction region are given by:

e-j kd

E j3ok N

-jkr

= J- e N(2Fd (4-15)
d (r)
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(A similar use of this principle was made by Kuebler2 4 in the line-of-sight

region by substituting the field function for linear antennas for the dipole

moment. The field function is identical to the radiation vector except for a

constant.)

Equations 4-14 and 4-15 were used to formulate the far fields of the 16

types of linear antennas listed in TABLE I for the diffraction region beyond

the radio horizon.

24Kuebler, W., Ground-Wave Electric Field Intensity Nbrmulas for Linear

Antennas, ECAC-TN-74-11, Electromagnetic Cbmpatibility Analysis Center,
Annapolis, MD, June 1974.
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SECTION 5

CALCULATIONS OF FIELD STRENGTH AND GAIN

The formulation presented in Section 2 for the far fields of a current

element above planar earth was used to derive the far-field expressions for

the 16 types of antennas considered. The extensions to this formulation,

presented in Sections 3 and 4, were utilized to derive the far fields over

spherical earth within the radio horizon and in the diffraction region beyond

the radio horizon.

This section presents a brief introduction to each of the 16 types of

antennas (including a figure of the antenna geometry and a description of the

geometrical parameters), TABLE 2 (which refers to appropriate equations in

APPENDIXES A and D for calculating the components of the electric far field,

directive gain, and radiation efficiency), and supplemental symbols and

formulas that are frequently used in the equations listed in TABLE 2. Symbols

occurring in the equations in APPENDIX D are described with corresponding

equations in APPENDIX A.

TABLE 2 serves as a reference to key equations for calculating the

electric far fields, directive gains, and radiation efficiencies of the 16

types of antennas. Summaries of the derivations of these equations are

presented in APPENDIX A. The observation point P (r,6,0)) indicated in all

figures and referenced to in TABLE 2 is determined by the standard spherical

coordinates r, 0, and .

HORIZONTAL DIPOLE

The horizontal dipole (or doublet) antenna shown in Figure 3 is a basic

antenna type commonly used over a wide range of frequencies. The dipole also

serves as a building block element for antenna arrays. The fields of the

dipole are a function of its length and height above ground. Fbr this

antenna, the feed point (i.e., the point at which the antenna is excited by

transmission line) is located at the center of the element.
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Tihe geometrical parameters of interest for the horizontal dipole are:

9. = half-length of the dipole

H =height of the feed point (i.e., center of the dipole) above ground.

VERTICAL MONOPOLE

The vertical monopole, also known as a "whip," is identical to half of a

dipole antenna. The vertical monopole is fed at its base and produces a field

that is not a function of the spherical angle 4). Since the field is not a

function of 4), the vertical monopole is referred to as being omnidirectional,

often shortened to "omni." The only geometrical parameter needed for the

vertical monopole is X., the length of the monopole. Figure 4 shows the

geometry of the vertical monopole.

VERTICAL MONOPOLE WITHI RADIAL-WIRE GROUND SCREEN

Most vertical monopoles that are permanently installed include a ground

screen to improve the radiation resistance and to increase the level of the

fields radiated at small values of elevation angle (i.e., values of e near
900). One form of ground screen commonly used consists of a group of radial

wires placed on the ground that are centered at the base of the monopole and

spaced equally in angle.

The geometrical quantities of interest for the vertical monopole with

radial-wire ground screen (see Figure 5) are:

Z. = length of the monopole

C = radius of the wires comprising the ground screen

a = radius of ground screen

N = number of radial wires.

41
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ELEVATED VERTICAL DIPOLE

The elevated vertical dipole antenna is simply a dipole that is oriented

with its axis orthogonal to the ground plane below it. The fields of this

antenna are not a function of the spherical angle *, so the elevated vertical
dipole is also considered "omni."

The pertinent geometrical quantities shown in Figure 6 are:

2. = half-length of the dipole

Zo  height of the feed point (i.e., center of the dipole) above ground.

INVERTED-L

The inverted-L antenna, shown in Figure 7, consists of both a vertical

and a horizontal section. This antenna is fed at the bottom of the vertical

section. he inverted-L is often used when a tall vertical monopole is

inconvenient to erect, because the horizontal section acts as a "top load" for

the vertical section. This effectively increases the length of the vertical

section.

The geometrical parameters for the inverted-L are H, the length of the

vertical section, and X, the length of the horizontal section.

ARBITRARILY TILTED DIPOLE

The arbitrarily tilted dipole is a dipole that is inclined at an angle

with respect to the ground under it. The geometrical parameters as shown in

Figure 8 are:

£ = half-length of the dipole

H = height of the feed point (i.e., center of the dipole) above ground

a' = angle between the axis of the dipole and the Y-axis.
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Figure 6. Elevated vertical dipole.
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SLOPING LONG-WIRE

The sloping long-wire, shown in Figure 9, is fed at the base and produces

both vertically and horizontally polarized field components that depend on the

inclination of the wire with respect to the ground plane. The conductivity of

the ground beneath the wire can have substantial effects on the radiation

characteristics. Wien the ground has high conductivity, radiation is

reflected off the ground in the direction of the high end of the wire. When

the ground has low conductivity, radiation directed toward the ground is

absorbed, and radiation directed upward and in the direction opposite to the

high end predominates.

Ihe geometrical parameters of interest for the sloping long-wire are:

9. = length" of the wire

'= angle between the axis of the wire and the Y-axis.

TERMINATED SLOPING-V

The terminted sloping-V, shown in Figure 10, consists of two wires fed at

the apex and terminated with appropriate resistances at the ends away from the

feed point. The terminating resistances on the wires cause the currents in

the wires to result in traveling waves. Thus, the terminated sloping-V is a

traveling-wave (i.e., nonresonant) antenna as opposed to other types discussed

previously which are resonant antennas. Traveling-wave antennas have the

advantage of providing operation over a wide range of frequencies without the

need for matching (coupling) networks between the feed point and attached

transmission line.

The fields of the terminated sloping-V depend on a number of parameters

including the wire lengths, angle between the wires, and heights of the

structure. The geometrical parameters are:
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/

Figure 9. Sloping long-wire.
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X = length of the wire

y = half-angle between the wires

H = height of the apex (feed point) above ground

H' - height of the terminated end of the wires above ground

' = angle between the plane containing the wires and the X-axis

8' = angle between the projection of the wires in the XY-plane and the

X-axis.

TERMINATED SLOPING RHOMBIC

The terminated sloping rhombic, shown in Figure 11, can be considered as

being made up of two sloping-V antennas placed end-to-end. The apex of one of

the sloping-V antennas is used as the feed point, and the apex of the other

sloping-V antenna is terminated in an appropriate resistance. The terminated

rhombic is also a traveling-wave antenna that can be operated over a wide

range of frequencies without matching (coupling) networks.

The geometrical parameters are:

X = length of each of the four wires comprising the rhombus

y = half angle between the wires, the feed point, and the termination

H = height of the feed-point apex above ground

H' = height of the terminated apex above ground

H" = height of the center of the rhombus above ground

a' = angle between the plane containing the rhombus and the x-axis

' angle between the projection of the feed-point apex in the XY-plane

and the x-axis.

TERMINATED HORIZONTAL RHOMBIC

The terminated horizontal rhombic is identical to the terminated sloping

rhombic ev- pt that the plane of the rhombus is parallel to the XY-plane. The

geometrical parameters for the horizontal rhombic, shown in Figure 12, are

identical to those for the sloping rhombic except that H is the height of the

rhombus above ground.
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z

Figure 11. Terminated sloping rhombic.
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Figure 12. Terminated horizontal rhombic.
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SIDE-LOADED VERTICAL HALF-RHOMbIC

The side-loaded vertical halE-rhombic, shown in Figure 13, consists of

two sectons of wire fed at one end and terminated with an appropriate resistor

at the other end. The side-loaded vertical half-rhombic is also a traveling-

wave antenna and radiates a combination of vertically and horizontally

polarized fields depending on the length of the wires and their inclination

with respect to the ground plane. Note that if the ground plane were

perfectly conducting, the two wire sections and their images below the ground

would form a rhombic antenna in the YZ-plane.

The geometrical parameters of interest for the side-loaded vertical half-

rhombic are:

£ = length of each of the wire sections

l= angle between the feed point or termination point of the wires and the

Y-axis.

HORIZONTAL YAGI-UDA ARRAY

The horizontal Yagi-Uda array is a coplanar arrangement of dipole

elements of different lengths with variable spacing between dipoles.

Specifically, a Yagi-Uda array consists of a single driven element and one or

more parasitic elements that can function either as reflectors or as directors

(see Figure 14).

The director element is directly coupled to the transmission line at the

center of the element. The parasitic elements are not coupled directly to the

transmission line but are rather coupled through the electromagnetic fields

emanating from the driven element. The parasitic reflector element is longer

than the driven element and is placed behind the driven element with respect

to the desired direction of radiation. The parasitic director elements are

shorter than the driven element and are placed in front of the driven element

with respect to the desired direction of radiation.

54
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Fi.gure 13. Side-loaded vertical half-rhombic.
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A common arrangement is for the reflector to be slightly longer than a

half-wavelength, the driven element about a half-wavelength, and the directors

less than a half-wavelength. Typical spacings between the dipole elements

vary from about one-tenth to four-tenths of a wavelength.

Tne geometrical parameters for a Yagi-Uda array are:

Zi = half-length of the ith element

d i = spacing between the ith element and the (i + 1) th element

H = height of the array above the ground.

HORIZONTALLY POLARIZED LOG-PERIODIC DIPOLE ARRAY

The horizontally polarized log-periodic dipole array is also a coplanar

arrangement of dipole elements with varying lengths and spacing between

elements. The log-periodic dipole array differs from the Yagi-Uda array in

that the element lengths, spacings, and excitation are designed to provide

operation over a wide range of frequencies (typically two or three octaves)

without the need for matching (coupling) networks between the feed point and

attached transmission line.

The geometrical parameters for the horizontally polarized log-periodic

dipole array (see Figure 15) are as follows:

R i = half-length of the ith element

d i = spacing between the ith element and the (i + ) th element

H1 = height of the shortest element above the Y-axis

HN = height of the longest element above the Y-axis

= angle between the array axis and the line connecting the tips of the

elements

e" = angle between the Z-axis and the array axis.
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Figure 15. Horizontally polarized log-periodic dipole array.
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VERTICALLY POLARIZED LOG-PERIODIC DIPOLE ARRAY

The vertically polarized log-periodic dipole array is the same basic

structure as the horizontally polarized log-periodic dipole array except that

the plane containing the array is vertical. The geometrical quantities for

this antenna, shown in Figure 16, are as follows:

= half-length of the ith element

di = spacing between the ith element and the (i + 1)th element

H i = height of the center of the shortest element above the Y-axis

HN  = height of the center of the longest element above the Y-axis

a, = angle between the array axis and the line connecting the upper tips of

the elements

a2  = angle between the array axis and the line connecting the lower tips of

the elements

a3 = angle between the line connecting the lower tips of the elements and

the Y-axis

6" = angle between the Z-axis and the array axis.

CURTAIN ARRAY

The curtain array, shown in Figure 17, is a coplanar arrangement of

dipole elements with spacings and excitations such that the direction of

maximum far-field strength can be varied in both the vertical plane (XZ-plane)

and the horizontal plane (XY-plane). The array of dipoles is installed in

front of a wire screen to provide a unidirectional characteristic. The

dipole-to-screen spacing is usually less than a half-wavelength.

The dipoles are arranged in bays of vertically stacked elements with

variable spacing. The bays of elements are horizontally separated by variable

distances.
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Figure 16. Vertically polarized log-periodic dipole array.
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The geometrical quantities of interest for the curtain array are:

9. = half-length of a dipole element

X, = spacing between the bays of dipoles and the wire screen

Yi = horizontal position of the center line of the (i + 1)th bay (where

Yo A 0)

Zi = height of the ith element of each bay above ground.

M = umbe ofelements in each bay

N = number of bays.

SLOPING DOUBLE RHOMBOID

The sloping double rhomboid, shown in Figure 18, consists of two sloping

rhombics fed at a common apex and terminated at the opposite apexes with

appropriate resistors. The sloping double rhomboid is also a traveling-wave

antenna that can be used over a wide range of frequencies without the need for

matching (coupling) networks between the feed point at the common apex and the

attached transmission line. When the geometry for this antenna is carefully

chosen, the result is a pattern with higher gain in the mainbeam direction and

lower gain in the sidelobe regions that could be realized with a single

rhombic.

The geometrical parameters for the sloping double rhombiod are:

1 = length of the short legs of each rhombus

X2 - length of the long legs of each rhombus

a = angle between the principal antenna axis (Y-axis) and the major

rhomboid axis

= angle between the major rhomboid axis and the long leg

y = angle between the major rhomboid axis and the short leg

HI = height of the feed point at the common apexes above the Y-axis

H2 = height of the apexes at the ends of the short legs emanating from the

feed point above the Y-axis
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H3  =height of the apexes at the ends of the long legs emanating from the

feed point above the Y-axis

H4 = height of the terminated apexes above the Y-axis

a' -angle between the plane containing the two rhomboids and the Y-axis.

KEY EQUATIONS

To facilitate the use of this report as a reference for key equations for

each of the 16 types of antennas considered, TABLE 2 was prepared. TABLE 2

indicates the appropriate equations in APPENDIXES A and D that give the

electric far-field components in each of the three regions considered:

1. over planar earth

2. over spherical earth within the radio horizon

3. in the diffraction region beyond the radio horizon.

The criteria used to determine in which of the three regions the

observation point is located are given in Section 6 under the subsection,

"Changeover Criteria." The equations for the electric far-field components

indicated in TABLE 2 together with the changeover criteria given in Section 6

have been used at ECAC to write a computer program that calculates the

electric far fields of the 16 types of antennas over lossy ground at any point

in the far field.

TABLE 2 also indicates appropriate equations in APPENDIX A for

calculating the directive gain of each of the 16 types of antennas as well as

appropriate equations or values for radiation efficiency. Note that since the

equations given in APPENDIX A for directive gain are expressed as numerical

ratios, the directive gain in dB is given by:

G d(O~ 10 log 1 0 gd (eo,) (5-1)
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where

Gd(e, #) = directive gain as a function of the spherical angular coordinates

6 and , in dB

gd(,) = directive gain as a function of the spherical angular coordiantes

6 and 0 as a numerical ratio (as given by the equations in

APPENDIX A).

Also, the power gain is calculated simple from:

G p(6,) = Gd(') + ndB (5-2)

where

G p(0,0) = power gain as a function of the spherical angular coordinates B

and 4, in dB

ndB = radiation efficiency, in dB.

The formulas for directive gain and radiation efficiency (presented in

TABLE 2) and the formulas for transmission loss (presented in Section 6) have

also been programmed at ECAC. Thus, APACK provides a versatile automated

package for calculating far-field intensity, directive gain, power gain, and

transmission loss for 16 types of antennas mounted over lossy ground.

The equations indicated in TABLE 2 are the primary equations used in

calculating the various quantities. Secondary equations .etining additional

geometrical quantities and terms such as the radiation resistance are given in

APPENDIX A in the same subsection as the primary equations. Other symbols and

formulas that appear often in the primary equations are presented below.
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SUPPLEMENTAL SYMBOLS AND FORMULAS

The following supplemental symbols and formulas are used with the

equations indicated in TABLE 2 to calculate field intensities and gains.

Symbols frequently used are:

k -2 = free-space wave number, in (meters) -1

where

X= wavelength, in meters

k = wave number for the lossy medium under the antenna, in (meters)-1

adiv = divergence factor used for calculations over spherical earth within

the radio horizon, given by Equation 3-1

= r-,e-, or f-component of the radiation vector used for calculations
in the diffraction region beyond the radio horizon

Fr = Bremmer secondary factor used for calculations in the diffraction

region beyond the radio horizon, given by Equation 4-13a

d = distance along the surface of a spherical earth between the antenna

location and the observation point

Rd = distance from the feed point of the antenna to the observation

point

ed = angle between the Z-axis and the line between the antenna feed

point and the observation point

= distance from the feed point of the image antenna and the

observation point

er = angle between the Z-axis and the line between the image antenna

feed point and the observation point.

Rbrmulas frequently used are:

k 2 j .1 8 0 00 0 ( -3
n = - =lS r O-] (5-3) !

fMHz
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where

n = complex index of refraction for the lossy medium under the antenna

(dimensionless)

Er = relative dielectric constant of the lossy medium under the

antenna (dimensionless)

a= conductivity of the lossy medium under the antenna, in mhos/meter

fMHz = frequency, in MHz.

-jk Rr Vn 2 sin2 r 2

P 2 2 os + 2 (5-4 )
2 sin8 r n

where

Pe = complex numerical distance for vertical polarization (dimensionless)

and all other terms have been defined previously.

P = cose + -n sin 6 (5-5)
m 2 sin 2 e r r

r

where

Pm = complex numerical distance for horizontal polarization

(dimensionless)

and all other terms have been defined previously.
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Fe 1-j 4F e erfc (jf) (5-6) .

where

F =surface-wave attenuation function for vertical polarization

(dimensionless)

and

erfc =complementary error function defined by:

2
2 x -a

erfc(x) =1~j f e dy (5-7)

-p
F 1-j F-emerfc (j f~ (5-8)

where

F = surface-wave attenuation function for horizontal polarization

(dimensionless)

n 2cos9 - n 2- sin 2
R =rr(5-9)

v n2 cos 0r+ 2 _ in2
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where

= Fresnel plane-wave reflection coefficient for vertical

polarization (dimensionless)

cos er - Vn 2 _ sin2 er
RH = cos r + Vn2 - sin 2 e (

r r

where

= Fresnel plane-wave reflection coefficient for horizontal

polarization (dimensionless).
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SECTION 6

CALCULATIONS OF TRANSMISSION LOSS

The basic calculations performed by APACK are those for the electric far

fields of a linear antenna over planar earth, over spherical earth within the

radio horizon, and over spherical earth in the diffraction region beyond the

radio horizon. Since the electric far fields are calculated, APACK can be

used to calculate transmission loss as well as directive and power gains.

his section presents expressions used for calculating transmission loss,

a discussion of field-strength curves presented by the International Radio

consultative Committee (CCIR), and a discussion of the changeover criteria

used to calculate field strengths in different regions.

TRANSMISSION-LOSS EXPRESSIONS

Transmission loss (L) is defined by:
25

L = PT - PR (6-1)

where

L = transmission loss between the transmitting antenna and the receiving

antenna, in dB

T= total power radiated from the transmitting antenna, in dEn

PR = resultant signal power that would be available from an equivalent

loss-free antenna, in dEm.

2 5Rice, P.L., longley, A.G., Norton, K.A., and Barsis, A.P., Transmission

Loss Predictions for Tropospheric Communication Circuits, NBS Technical
Note 101, Vols. I and II, National Bureau of Standards, Ebulder, CO, 1967.
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Transmission loss can also be expressed as:

L = PT' + PR + T + fR (6-2)

where

PT' = power input to the feed point of the transmitting antenna, in daf

PR' = resultant signal power available at the feed point of the receiving

antenna, in dBn

iT  = radiation efficiency of the transmitting antenna, in dB

7R  = radiation efficiency of the receiving antenna, in dB.

(Note that iT and R are always less than or equal to 0 dB because radiation

efficiency is always less than or equal to 100%.)

Basic transmission loss (Lb) which is the loss between two lossless

isotropic antennas is defined in Reference 19 as:

= L + G (6-3)

where

= basic transmission loss, in dB

Gp = path antenna gain, in dai.

When multipathing and antenna efficiencies are taken into account, the

path antenna gain is not the sun of the directive gains. Thus, in general:

74
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G *G + G (6-4)
P Td~ Rd

where

GTd = directive gain of the transmitting antenna, in dBi

GRd = directive gain of the receiving antenna, in dBi.

The basic transmission loss can also be expressed as:

Lb = L.f + ADB (6-5)

where

bf = basic transmission loss in free space, in dB

ADB = attenuation relative to free-space loss (where all difficult problems

in analyzing propagation phenomena are hidden), in dB.

The basic free-space transmissin loss (Lbf) can also be expressed as:

4ird
20 log1 0 --- = 32.45 + 20 log1 0 f + 20 log d (6-6)
Lf1 A10MHz 10 km

where

d = path length, in meters

A = wavelength, in meters

fMHz = frequency, in MHz

dkm = path length, in kilometers.
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From the above equations:

L =Lbf + ADB - G

- 32.45 + 20 log 1 0 fMHz + 20 log10 dkm + ADB - G (6-7)

where, in this case

G = G + G (6-8)

7he resultant signal power available at the feed point of the receiving

antenna (Pr') is then given in terms of the power input to the feed point of

the transmitting antenna (P T# directive gains (GTd, PGRd), and radiation

efficiencies (nT, V by:

P R = P T - 32.45 - 20 log 1 0 fiMz -20 log10 d k -ADB

(6-9)

+GTd +GIR + nT + R

where

ADB = 20 log10  1 (6-10)

with
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IAI = lActual disturbed field at observation pointl (6-11)
J Free-space field at observation point (

In terms of spherical coordinates (r,6,d), IAI can be expressed as:

IAI + (6-12)%4lEeff4 + .fl

where

1EO I = magnitude of the 0-component of the actual disturbed field at the

observation point, in volts/meter

IEefI = magnitude of the 0-component of the free-space field at the

observation point, in volts/meter

IE~fl = magnitude of the #-component of the free-space field at the

observation point, in volts/meter

IE I = magnitude of the 4-component of the actual disturbed field at the

observation point, in volts/meter.

Equations 6-9, 6-10, and 6-12 are the expressions used by APACK to calculate

transmission loss.

CCIR CURVES

Various propagation models have been used at ECAC to predict ground wave

loss over a spherical earth. These models include curves published by the

CCIR2 6 and other models referred to at ECAC as IPS and NA (see References 3

2 6 International Radio Cbnsultative Cbmmittee (CCIR), Recommendations and
Reports of the CCIR, 1978, Propagation in Non-Ionized Media, Vol. V, XIVth
Plenary Assembly, Kyoto, Japan, 1978.
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and 4, respectively). The CCIR curves which are based on Bremmer's

formulation (see Reference 17) assume that both the transmitting and receiving

antenras are located on the ground and that both antennas are Hertzian

dipoles. The CCIR curves based on these assumptions are presented in terms of

field strength which can be converted to basic transmission loss (see

Reference 26) by:

L(dB) 132.45 + 20 log10 fMHz - E (6-13)

where

L(dB) = basic transmission loss, in dB

fMHz = frequency, in MHz

E = electric field strength, in dB, with respect to 1 microvolt/meter

(dB (uV/m)).

The other models used at ECAC (see References 3 and 4) predict basic

transmission loss without calculating field strength but do account for the

heights of the antenna feed points above ground. APACK predicts basic

transmission loss from calculated values of electric field strength. The

APACK field strengths account for the actual antenna structure and include the

effects of the contributions of the direct, ground-reflected, and surface

waves.

CHANGEOVER CRITERIA

The calculations of electric far fields made by APACK depend on the

region in which the observation point is located. Three regions are

considered:

Region 1. The line-of-sight region when the antenna is near the ground

so that the earth can be considered as planar.
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Region 2. The line-of-sight region when the antenna is well above the

ground so that the earth must be considered as spherical.

Region 3. The diffraction region beyond the radio horizon.

he calculations include the surface-wave terms in Region 1 but not in

Region 2, because the surface wave is negligible when the antenna is well

above the ground. The calculations made for Region 3 (the diffraction region)

can be used for all three regions. However, since a large number of terms are

required for convergence of the Bremmer series within the radio horizon, APACK

uses the Bremmer formulation only in the diffraction region (Region 3).

he APACK criteria for determining the appropriate region for the

calculations have been adopted from Reference 22 and are described below. The

region in which the observation point is located is determined by the path

length, the effective radius of the earth (in terms of atmospheric

refractivity), the heights of the feed points of the transmitting and

receiving antennas above ground, and frequency.

REur quantities (d, dc, dD, and M) are calculated, and the appropriate

region is then selected from the following relationships among these

quantities.

1. If d_< dc and dc > MdDO then the observation point is in Region

1 (line-of-sight, planar earth).

2. If d < MID and dc < MdD, then the observation point is in Region

2 (line-of-sight, spherical earth).

3. If (d > dc and dc > MdD ) or (d > MdD and dc< MdD), then the

observation point is in Region 3 (diffraction region).

The quantities d, dc , dD, and M are defined as follows:

d = path length, in kilometers
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1.0195

148 x 10-4  e , 0.15 < f < 1 (6-14)
148 x 10 0.1194 - fMHz

fMHz

1.0195
a

148 f 10 -4  e , 1 < f < 100 (6-15)C 0.•5305 f -MHz

MHza
59.5x10- e, 100 < f < 500 (6-16)

0.3337fMz-

MHz

where

r 0.005577NS I-
a = 6370 [-0.04665e (6-17)eLi

-0.1057 h

N =N e (618
s 0

with

ae = effective earth radius, in kilometers

Ns  = surface atmospheric refractivity, in N-units

No  = surface atmospheric refractivity reduced to sea level, in N-units

hs  = elevation of the surface above mean sea level, in kilometers.
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(If No and h s are not given, Ns = 301 is assumed.)

dD-'k-- 2 -3 2 (639dD  =4-2k + k + 2 ae hI x10 + k + 2 ae h2 x10 (6-19)

where

X x10 - 3

k 2 ) (6-20)
e 21ra e

h = height of the transmitting antenna feed point above ground, in meters

h = height of the receiving antenna feed point above ground, in meters

= wavelength, in meters.

0.75, fMHz < 3 (6-21)
m

1.0, fMHz > 3 
(6-22)
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SECTION 7

COMPARISONS BETWEEN GAINS PREDICTED BY APACK

AND OTHER DATA

Rbr each of the 16 types of linear antennas considered in APACK,

predictions of APACK power gains as a function of elevation (vertical) and/or

azimuth (horizontal) angle were made for antennas mounted over soil with

various permittivities and conductivities and/or over sea water. The APACK

predictions were compared with other available data, including manufacturer's

data, predictions from the SKYWAVE computer model developed by ITS (see

Reference 1), and predictions resulting from Ma's three-term current

distribution (see Reference 14).

APACK gain predictions were also compared with gain predictions resulting

from modeling the antennas with the Numerical Electromagnetic Code (NEC), a

method-of-moments computer program developed at the Lawrence Livermore

Laboratory under the sponsorship of the Naval Ocean Systems Center (NOSC) and

the Air RFrce Wbapons Laboratory (AFWL) (see Reference 2). In most cases,

there is reasonable agreement between the APACK predictions and the NEC

predictions. This indicates that APACK, based on sinusoidal current

distribution for resonant antennas and exponential current distribution for

traveling-wave antennas, provides reasonable predictions and at the same time

large savings in computer time. RFr example, the time required to obtain

gains for an electrically large antenna using APACK, such as a sloping double

rhomboid, can be approximately 1/1000th of the tine required by the rigorous

NEC method-of-moments program.

The comparisons provided in this section are not exhaustive, but they do

provide an indication of the versatility and reasonableness of the APACK model

for providing rapid predictions of gains. Cmparisons performed for the

various types of antennas are described below and shown in the accompanying

figures.
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HORIZONTAL DIPOLE

Figures 19 through 22 show comparisons between APACK, NEC, and

manufacturer's data for the Collins 637T-1/2 half-wave horizontal dipole

mounted above soil for, frequencies of 5, 10, 20, and 30 MHz, respectively. In

all cases, the gains predicted by APACK differ by less than approximately 2 dB

from the other data.

VERTICAL MONOPOLE

Figure 23 shows comparisons between APACK and NEC for a quarter-wave

vertical monopole (without a ground screen) mounted above soil. The gains

predicted by APACK differ from those predicted by NEC by less than

approximately 1 dB. The APACK predictions shown in Figure 23 are identical to

those of the ITS SKYWAVE program (see Reference 1).

VERTICAL MONOPOLE WITH RADIAL-WIRE GROUND SCREEN

Figure 24 shows comparisons between APACK, NEC, and Ma's three-term

current-distribution predictions for a vertical monopole with radial-wire

ground screen mounted above soil and sea water at an operating frequency of

10 MHz. The differences between APACK predictions and M 's predictions are

less than approximately 1 dB for both soil and sea water. The NEC predictions

are identical to Ma's for the monopole mounted over sea water. 'hen the

monopole is mounted over soil, the NEC predictions of gain are considerably

higher (as much as about 3 dB) than either APACK or Ma. The reason for the

higher gains predicted by NEC has not been determined.

ELEVATED VERTICAL DIPOLE

Figure 25 shows comparisons of predictions made by APACK, NEC, and the

ITS SKYVAVE program for a vertical half-wave dipole with its feed point

located 2.5 meters above soil at a frequency of 30 MHz. The differences

between the APACK predictions and the NEC predictions are less than 5 dB for
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10

5

*0

FREQUENCY: 5MHz
SOIL: Er= 3O

(r=0.03 mho/m

-5L
00 100 200 300 400 50* 600 70* 800 900

ELEVATION ANGLE

Figure 19. Elevation patterns of a Obllins 637T-1/2 half-wave

horizontal dipole mounted 7.6 mn above Boil (5 MHz).
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10

5

z - -APACK

X X X NEC

0

FREQUENCY: IO MHz
SOIL: 6 r =3 O

-0.03 mho/m

-5
00 100 200 300 400 500 600 700 800 900

ELEVATION ANGLE

Figure 20. Elevation patterns of a Obllins 637T-1/2 half-wave
horizontal dipole mounted 7.6 mn above soil (10 MHz).
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10

Io

MANUFACTURER'S DATA
- - APACK

X X X NEC

.c i5

6Z

4

FREQUENCY: 20 MHz
SOIL: 6r =30

o" =0.03mho/m

-5 -
00 100 200 300 400 50°  600 700 800 900

ELEVATION ANGLE

Figure 21. Elevation patterns of a Collins 637T-1/2 half-wave
horizontal dipole mounted 7.6 m above soil (20 MHz).
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MANUFACTURER'S DATA
- - APACK

...- X X X X NEC

5

0

FREQUENCY' 30 MHzI I SOIL: 6r=30
(r 0.03 mho/m

-5
00 100 200 300 400 500 600 700 800 900

ELEVATION ANGLE

Figure 22. Elevation patterns of a Obllins 637T-1/2 half-wave
horizontal dipole mounted 7.6 m above soil (30 MHz).
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5

ANTENNA PARAMETERS
(SEE FIGURE 5)

J =7.5m
a =7.5m

x~~ \Xc .5mm
x ~N = 20

x
V

0 SEA WATER

-~MT MA

SOIL
M.TMA

XFREQUENCY' 0OMHz - -APACK

SEA WATER: 6 r =8 0 E

Ic =0.01 mho/m

-5
00 O10 200 30 400 500 600 700 800 90

ELEVATION ANGLE

Figure 24. Elevation patterns of a vertical monopole with
radial-wire ground screen mounted above sea water
and soil.
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SOIL 6r 0~h/ APACK

X X X NEC

0

N~x

-15
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Figure 25. Elevation patterns of a half-wave vertical dipole
mounted with feed point 2.5 m above soil.
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low elevation angles and approach 7 dB near the zenith. The gains predicted

by the ITS SKYWAVE program are considerably less than those predicted by

either APACK or NEC. The low values of SKYVAVE gains are due to the fact that

SKYWAVE uses the free-space value of radiation resistance in computing gain.

INVERTED-L

Figures 26, 27, and 28 show comparisons between APACK, NEC, and ITS

SKYWVE for an inverted-L (mounted above soil) operating at frequencies of 10,

20, and 30 MHz, respectively. The differences between the predicted gains (as

much as 7 dB) are believed to be due mainly to differences in the values used

for the radiation resistance. The reason for the high values of gain

predicted by NEC at 30 MHz, as compared with the APACK and SKYM.VE values, has

not been explained.

ARBITRARILY TILTED DIPOLE

The horizontal dipole and elevated vertical dipole are both special cases

of the arbitrarily oriented dipole. Since comparisons of APACK predictions

with other data for both horizontal and vertical orientations indicated

reasonable agreement, comparisons for other orientations were not made.

SLOPING LNG-WIRE

Figure 29 shows comparisons between APACK, NEC, and ITS SKYWAVE

predictions for a sloping long-wire (mounted over soil) operating at 10 MHz.

The predictions of APACK and ScKYWAVE in this case are identical, but both

APACK and SKYVAVE predict lower gains than NEC. The difference in gains,

varying from as much as 3 dB at low elevation angles to as much as 5 dB near

the zenith is believed to be due to the approximations made by APACK SKYWLVE

for the radiation resistance.
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5

ANTENNA PARAMETERS

(SEE FIGURE 7)' FREQUENCY: 10 MHz

A =21.3m SOIL: 6 r = 10

H =10m a- = 0.01mho/m

x x
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x x
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'0000 x x
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ELEVATION ANGLE

Figure 26. Elevation patterns of an inverted-L mounted
above soil (10 MHz).
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ANTENNA PARAMETERS

SKYWAVE(SEE FIGURE 7):
- -APACK I 21.3m

X X X NEC H =10m

00 100 200 300 400 50'0 600 700 800 900
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Figure 27. Elevation patterns of an inverted-L mounted
above soil (20 MHz).
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5

FREQUENCY' 30 MHz SKY WAVE
SOIL: Gr=IO- APACK

a, 0.01 mho/m

KX X X NEC

x x
0
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Figure 28. Elevation patterns of an inverted-L mounted
above soil (30 MHz).
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Figure 29. Elevation patterns of a sloping long-wire
mounted above soil.
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TERMINATED SLOP ING-V

Figure 30 shows comparisons between APACK, NEC, and Ma's three-term

current-distribution model for a terminated sloping-V (mounted over soil)

operating at a frequency of 10 MHz. Figure 30 gives gains as a function of

elevation angle, and Figure 31 gives gains as a function of azimuth angle for

the same antenna and operating frequency. The gains shown in Figure 31 are

for an elevation angle of 14 degrees.

Figure 30 indicates excellent agreement in the elevation pattern, with

gains predicted by APACK differing from other data by about 1 dB or less. The

agreement indicated in Figure 31 for the azimuth pattern is also very good,

with gains predicted by APACK differing from other data by 3 dB or less.

TERMINATED SLOPING RHOMBIC

Figures 32 and 33 show comparisons between APACK, NEC, and Ma's

predictions for a terminated sloping rhombic over sea water for an operating

frequency of 10 MHz. Figure 32, comparing elevation patterns, indicates

agreement between APACK and other data within 5 dB at most, with 3 dB being

typical. Figure 33, comparing azimuth patterns at an elevation angle of 20

degrees, indicates agreement between APACK and other data within approximately

3 dB.

TERMINATED HORIZONTAL RHOMBIC

Figure 34 shows comparisons between APACK, NEC, and SKYWAVE for a

terminated horizontal rhombic operating at 10 MHz mounted over soil. The

elevation gains shown in Figure 34 indicate that APACK predictions differ from

other data by not more than 2 dB at low elevation angles and by not more than

5 dB near the zenith.
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15

FREQUENCY: I0 MHz
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, = 0 O.OOI mho/m
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(SEE FIGURE I0)"
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Figure 30. Elevation patterns of a terminated sloping-V
mounted above soil.

98



ESD-TR-80- 102 Section 7

15

FREQUENCY' 10 MHz
SOIL: Gr= 4

T- =0.001 mho/m

10 ANTENNA PARAMETERS
10 ' (SEE FIGURE 10):
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Figure 31. Azimuth patterns of a terminated sloping-v (mounted above soil)
at an elevation angle of 140.
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(SEE FIGURE II):
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Figure 32. Elevation patterns of a terminated sloping rhombic mounted above sea
water.
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FREQUENCY: 10 MHz
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Figure 33. Azimuth patterns of a terminated sloping rhombic
(mounted above sea water) at an elevation angle
of 200.
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Figure 34. Elevation patterns of a terminated horizontal
rhombic mounted above soil.
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SIDE-LOADED VERTICAL HALF-RHOMBIC

Figure 35 gives comparisons between APACK, NEC, and SKYWAVE predictions

for the elevation patterns of a side-loaded vertical half-rhombic mounted over

soil and operating at a frequency of 10 MHz. In this case, the gains

predicted by APAOC differ from other data by 3 dB or less.

Figures 36 and 37 show elevation and azimuth patterns, respectively, of a

side-loaded vertical half-rhombic operting at 10 MHz mounted over sea water.

The comparisons between APACK, NEC, and Ma's model for elevation patterns (see

Figure 36) indicate agreement generally within 3 dB. The comparisons for

azimuth patterns at an elevation angle of 2 degrees (see Figure 37) indicate

similar agreement.

HORIZONTAL YAGI-UDA ARRAY

Figure 38 gives comparisons between APACK, NEC, and Ma's predictions for

gains of a horizontal Yagi-Uda array operating at 10 MHz over soil and sea

water. Dccellent agreement is indicated with APACK gains differing from other

data by 1 dB or less for all elevation angles above 10 degrees.

HORIZONTALLY POLARIZED LOG-PERIODIC DIPOLE ARRAY

Figures 39 and 40 compare APACK predictions with Ma's predictions for

gains of a horizontally polarized log-periodic dipole array operating at.

12 MHz mounted over both soil and sea water. The elevation-pattern

comparisons in Figure 39 indicate excellent agreement for soil (within 1 dB)

and good agreement for sea water (within 2 dB) for all elevation angles above

10 degrees. The azimuth-plane comparisons made at an elevation angle of 36

degrees (see Figure 40) indicate agreement within 3 dB for all azimuth angles.

Figures 41, 42, and 43 show comparisons between APACK, NEC, and

manufacturer's data for the cbllins 237B-3 horizontally polarized log-periodic

dipole array (above soil) operating at frequencies of 8, 12, and 20 MHz,
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ANTENNA PARAMETERS

(SEE FIGURE 13):
E' 280,=80m
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Figure 35. Elevation patterns of a side-loaded vertical
half-rhombic mounted above soil.
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FREQUENCY: 10MHz ANTENNA PARAMETERS
SEA WATR' 6 r 80 (SEE FIGURE 13):
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Figure 36. Elevation patterns of a side-loaded vertical

half-rhombic mounted above sea water.
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Figure 37. Azimuth patterns of a side-loaded vertical
half-rhombic (mounted above sea water) at an
elevation angle of 20.
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M.T. MA (SEE FIGURE 14)

APACK 1i =7.8m
NEC 12 =7.5m

NEC 13 = 70m

SOIL d, = 7.5m
-M.T.MA d? = GOm

- APACK H =7.5m

X X NEC 01 02=3 = 1-m

00300 600 goo

ELEVATION ANGLE

Figure 38. Elevation patterns of a three-elemtent horizontal
Yagi-Uda array mounted above sea water and soil.
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15

SOI

Z

ANTENNA PARAMETERSFRONC 2Mz
(SEE FIGURE 15): FREUECY WATER:

H, 9.4m SAWTR

K 167 r=80
9" go (r =5 mho/m

-5 18 SOIL:
0~.87 Gr=4

/o =250 0-0.OO1mho/m

Zo =300OS1
N=12

-10
00 100 200 300 400 500 600 700 800 900

ELEVATION ANGLE

Figure 39. Elevation patterns of a horizontally polarized log-periodic
dipole array mounted above sea water and soil.
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respectively. The predictions of APACK agree with the manufacturer's data

within 5 dB or less in general, but the predicted gains of the SKYWAVE program

are much lower.

Not only are the SKYWAVE gain values much lower than those predicted by

APACK and the manufacturer, but the peaks and nulls of the SKYVAVE patterns do

not coincide with the other predictions. The inaccuracy of the SKYWAVE

predictions is believed to be due not to the theory on which SKYWAVE is based,

but rather due to coding errors in the horizontal log-periodic routine that

have not been corrected by ITS.

VERTICALLY POLARIZED LOG-PERIODIC

Figure 44 compares elevation-pattern predictions by APACK and MR's model

for a vertically polarized log-periodic dipole array mounted over sea water at

frequencies of 6 and 18 MHz. The comparisons at 6 MHz show agreement between

the two models to less than 2 dB, while the comparisons at 18 MHz show

agreement to within 5 dB.

CURTAIN ARRAY

Figure 45 shows the elevation pattern predicted by APACK for a two-bay,

four-stack curtain array operating at 10 MHz over soil. The APACK predictions

shown in Figure 45 are essentially identical to those obtained by Barghausen

et al. (see Reference 1, p. 230).

Figure 46 compares elevation-plane patterns predicted by APACK and ME's

model for a one-bay, two-stack curtain array operating at 10 MHz over sea

water. The predictions agree within 2 dB for all elevation angles above

5 degrees. The predictions are identical for elevation angles above about

60 degrees.
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15

FREQUENCY: AS INDICATED
SEA WATER: 6 t: 8 0

(r- ~5mho/m

M.T. MA (6 MHz)

APACK (6 MHz)

NIT MA (18 MHz)

- -APACK (18MHz)

5

z

0

ANTENNA PARAMETERS
(SEE FIGURE [6 ):

1-12 =13.7m
= 1I2.5m

780

J/a =200
Z0 = 450S2.
N =12

-10
00 100 200 300 400 500 600 700 800 900

ELEVATION ANGLE

Figure 44. Elevation patterns of a vertically polarized
logy-periodic dipole array mounted above sea water.
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20

ANTENNA PARAMETERS

(SEE FIGURE 17):

Y, = 26 m
XI = 7m
Z, =16m

10Z2 
= 29m

Z3 = 42m
Z4 =55m

66

-0

z 10 L

-I0 -

FREQUENCY: 10 MHz
SOIL: Gr = 1

or =0.0Imho/m

-20
00 100 200 300 400 500 600 70°  800 900

ELEVATION ANGLE

Figure 45. Elevation pattern predicted by APACK for a two-bay,
four-stack curtain array mounted above soil.
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15

FREQUENCY: 10MHz
SEA WATER: 6 r = 8

T o5 mho/m

10

z
4 ANTENNA PARAMETERS

(SEE FIGURE 17):
I =75m
X, =7.5m
Z, =7.5m

0 -Z 2 =15.Om
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0O 100 200 300 400 500 600 700 800 90
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Figure 46. Elevation patterns of a one-bay, two-stack
curtain array mounted above sea water.
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SLOPING DOUBLE RHOMBOID

Figure 47 shows the azimuth pattern at an elevation angle of 20 degrees

predicted by APACKC for a sloping double rhomboid mounted over soil and

operating at 10 MHz. 1his pattern is essentially identical to that predicted

by the ITS SKYWkVE program.
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20

FREQUENCY: 10 MHz
SOIL: er =10

" =0.01 mho/m

iL15

ANTENNA PARAMETERS
10 (SEE FIGURE 18):

H, = 10m

H4 = 20m
Z -= 45m

z .2 90m
05
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5 ' :400
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AZIMUTH ANGLE

Figure 47. Azimuth pattern predicted by APACK for a sloping double
rhomboid (mounted over soil) at an elevation angle of
200.
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SECTION 8

COMPARISONS BETWEEN TRANSMISSION LOSS PREDICTED

BY APACK AND OTHER DATA

A number of comparisons were made between transmission loss predicted by

APACK and transmission loss predicted by other data. In all cases,

comparisons are made with respect to basic transmission loss, i.e., the path

loss that would result if the two actual antennas were replaced by lossless

isotropic antennas.

The data with which APACK transmission-loss predictions were compared are

field-strength curves given by the CCIR (see Reference 26) and results

obtained from two other ground-wave propagation models used at ECAC, referred

to as the IPS model (see Reference 3) and the NA models (see Reference 4).

The CCIR curves were converted to basic transmission loss using Hjuation

6-12. The IPS and NA models predict basic transmission loss directly.

The CCIR curves which are based on Bremmer's formulation (see Reference

17) assume that both the transmitting and receiving antennas are located on

the ground and that both antennas are Hertzian dipoles. The IPS and NA models

account for the heights of the antenna feed points above ground. The APACK

predictions of transmission loss account for the actual antenna structure.

The comparisons predicted below are made to indicate the accuracy and

versatility of APACK for predicting transmission loss for frequencies between

150 kHz and 500 MHz. The comparisons include ground-wave propagation over

both average soil and sea water. The differences indicated between the

various predictions shown in the figures are not meant to represent either the

"best" or "worst" case. Rather, the differences should be considered typical.

Figures 48, 49, and 50 show the basic transmission loss predicted by

APACK, CCIR curves, and the IPS model at 1, 3, and 10 MHz, respectively over

soil for vertical polarization. Typical differences between losses predicted

by APACK and the other models are 5 dB or less.
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Figures 51, 52, and 53 show the basic transmission loss predicted by

APACK, CCIR curves, and the IPS model at 1, 3, and 10 MHz, respectively, over

sea water for vertical polarization. Typical differences between losses

predicted by APACK and the other models are again 5 dB or less.

Figures 54 and 55 compare APACK predictions with the CCIR curves at

150 kHz and 10 MHz, respectively, for soil with slightly different constants

than used in previous comparisons. Vertical polarization is assumed. The

differences at 150 kHz, shown in Figure 54, are 10 dB or less. The

differences at 10 MHz, shown in Figure 55, are 5 dB or less.

Figures 56 and 57 compare APACK predictions with those of the NA model at

frequencies of 42.9 and 100 MHz, respectively, for vertically polarized

propagation over soil. Rbr these comparisons, the transmitting antenna is an

elevated vertical dipole with its feed point located 10 meters above ground,

and the height of the feed point of the receiving antenna is as indicated. In

general, the APACK predictions are within 2 dB of the NA predictions. The

reason for the large discrepancies at distances exceeding approximately 100

kilometers is that NA includes a model for tropospheric-scatter predictions,

whereas APACK does not.

Figure 58 compares APACK and NA predictions at 500 MHz with both antennas

located on the ground for propagation over average soil. APACK values are

generally within 2-3 dB of the NA values except at distances above

10 kilometers where troposcatter propagation is dominant. In Figure 58, the

term '"Leh" refers to the tropospheric-scatter model included in NA. hen NA

predictions are made without accounting for troposcatter, the results are

essentially identical to those obtained with APACK for large distances.

Figures 59 and 60 compare APACK and NA predictions for vertically and

horizontally polarized propagation, respectively, over sea water at a

frequency of 2 MHz. REr Figure 59, the transmitting antenna is an elevated

vertical dipole 70 meters long with its feed point located 35 meters above the

surface, and the height of the receiving antenna feed point is varied. Ebr
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Figure 60, the transmitting antenna is a horizontal dipole 70 meters long

located 35 meters above the surface, and the height of the receiving antenna

feed point is varied. By comparing Figures 59 and 60, it is seen that the

horizontally polarized wave is attenuated more rapidly than the vertically

polarized wave.

Figure 61 is included to show direct comparisons of field strengths

produced by different transmitting antennas with the same feed-point height

(10 meters) and polarization at a fixed frequency and receiving-antenna feed-

point height (200 meters). The three transmitting antennas compared are the

Hertzian dipole used by Bremmer (see Reference 17), a short vertical dipole

(1.6 meters long), and a half-wave vertical dipole.

As shown in Figure 61, the field strengths produced by the Hertzian

dipole are lower than the fields produced by the short dipole. The

significant difference between the fields of the short dipole and the fields

of the half-wave dipole (both predicted by APACK) is due to the fact that

APACK considers the actual antenna structure.
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10,000

VERTICAL DIPOLE I.6m LONG APACK
VERTICAL HALF- WAVE DIPOLE - -APACK

VERTICAL HERTZIAN DIPOLE -.- BREMMER

FREQUENCY: 42.9 MHz
SOIL: Cr 4

r =:0. 01 Mho/m

1,000- TRANSMITTING ANTENNA HEIGHT: 10mn
(TPSAS INDICATED)

RECEIVING ANTENNA HEIGHT: 200m
TRANSMITTER POWER: 1kW

i
=L, 00

- .
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I.-N
(nN
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Figure 61. Comnparisons between rms field strength predicted by APACK
and Bremmer for ground-wave propagation over soil at
42.9 MHz (vertical polarization.)
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SECTION 9

RESULTS

Equations have been developed to predict electric far-field strengths,

directive gains, power gains, and transmission losses for 16 types of linear

antennas used at frequencies between 150 kHz and 500 MHz. The antennas for

which equations were developed are: horizontal dipole, vertical monopole,

vertical monopole with radial-wire ground screen, elevated vertical dipole,

inverted-L, arbitrarily tilted dipole, sloping long-wire, terminated

sloping-V, terminated sloping rhombic, terminated horizontal rhombic, side-

loaded vertical half-rhombic, horizontal Yagi-Uda array, horizontally

polarized log-periodic dipole array, vertically polarized log-periodic dipole

array, curtain array, and sloping double rhomboid (see Figures 3 through 18).

The equations include the contributions of the surface wave in addition

to the contributions of the direct and ground-reflected waves so that gain

predictions for ground-wave as well as sky-wave analyses can be made

directly. The inclusion of the surface wave also allows predictions of

ground-wave transmission loss accounting for the actual antenna structures.

The basic formulation of the APACK equations is for current elements

located over lossy planar earth (see Figure 1). This formulation was extended

to consider spherical earth within the radio horizon by making use of the

divergence factor (see Figure 2). In the diffraction region beyond the radio

horizon, the basic formulation was modified by using the radiation vector and

the Brommer secondary factor. APACK includes criteria to determine in which

region the far-field observation point lies so that appropriate equations are

used.

Cbmparisons have been made between APACK predictions of antenna gain and

other available data (see Figures 19 through 47). Reasonable agreement is

indicated.
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Oomparisons have also been made between APACK predictions of transmission

loss and other available data (see Figures 48 through 61). Reasonable

agreement is again indicated.

The APACK equations documented in this report have been automated at ECAC

to provide a rapidly executing model for predicting gains and transmission

loss for the 16 antennas considered. APACK allows the antennas to be

described in terms of simple geometrical parameters, as opposed to the

detailed structure description required by rigorous method-of-moments

programs, to simplify the use of the model by EMC engineers.

The analytic expressions for the direct and ground-reflected waves have

been derived by others. However, the analytic expressions for the surface

wave represent new contributions to the antenna and propagation literature.
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APPENDIX A

FORMULAS FOR CALCULATING FIELD STRENGTH AND GAIN OVER PLANAR

EARTH AND IN THE DIFFRACTION REGION BEYOND THE RADIO HORIZON

HORIZONTAL DIPWOLE

The field intensities for a horizontal dipole are derived from those for

a Hertzian dipole by using the principle of superposition. Therefore,

consider a Hertzian dipole located H above planar earth with its axis in the

same direction as the X-axis. The electric field intensities in cylindrical
27

coordinates (p, *, Z) are given as follows:

i _jk~ d -jkR r

.k2IdX 2 e-kR d 2 e -k
E Cos os - R cos 8 -

4 e1 d R v r R

2 2 -jkR (A-i)
n -sin 8 r

-(1 - R ) F r ev e 4 R I
n r

k -jkRd e-jkRr -jkRr

E = Ix sin e + R + (1- F Rr (A-2)
R Rr 

-jkRd 
R m R) 

- jkR

k 2Idx ekdr
E j 4-c os * cos 8 sin d e R cos 8 sin e
z g [ d d Rd v r r Rr

e_-jkR (A-3)

+ (1 - R ) F sin 8s e

v e r 2 R
n r

2 7 King, R.W.P., The Theory of Linear Antennas, Harvard University Press,
Cambridge, MA, 1956.
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E and Ez can be converted into the component e in spherical coordinates (r,

6,0) as:

E E cos e - E sin e (A-4)

k 2 Id -jkRd 2 -jkR
E 8 = j 4 i cos 0 c Co s e d R cos r R

Ty[ cr2jk.2 (A-5)

n - sin 2r e r k-(1 - Rv ) Fk2d
R e 4 Rj cos sin 

-
j kRd -jkRr

ee
x cos sine - sin e cos 6 Re

d d R dr r v Rd r

n 2  sin2e -jkRr]
+ (1 - R )F sin 6 2 r e

v e r 2 R
n rJ

Assumning ed = er = :

i -jkRd -jkR
c2 Idx e r

E = cos - R cos (A7e 1 R v R

+ (1 - R v) Fe 2 ekr ~ sin2 e - 2i co

n r n

d r r
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where

k2  1 - 9

- 30 k,E 1  =

4new 1a o 36w

In the far field, let:

Rr = Rd = r in amplitude terms
Rd  r - HcosIs

in exponent terms

Rr = r + H cose

Then:

-jkr
E = -j30kldx cos , er cos e eJkH cos 6 R e- jkH cos 

r I
*n2 - r 2 e 2 in2 2sin2  (A8)

+ (1 -R v)F e  r sin 2- -s n cos e
v e 2 2

n n

X e jkH cos eJ

E = j30kldx sin $ -ekrrcs| -kHCOe ej kH cos 6 - -jkH cos 6

(A-9)

+ (1 - Rh) F e jkH coB e]

Rr the horizontal dipole:

'= 0, = r/2, " f 0
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and

cos = sin e cos (A-10)

Assume that the current distribution on the antenna is given by:

I sin k (Z - x), x > 0

I sin k (X + x), x < 0(A-11)m

and that the length of antenna is 21. Then:

Ee = -j30kI m cos ie- if sin k (9 - x) e j kx cos cos ee mr L0

ejkH cos e -jkH cos e +n 2 -sin 8x-Re + (1 R ) Fv v e 2 o
n co e

x -jkHCo sin 2 n - sin(sn- 2 cose)8 dx

n2

(A-12)

+ cos 0_ sin k (I + x) ej kx co cos e -R e -jkH cos

s 2 2 Cos

n Cos n

X e- jkH cosG'} dx]

where ejkx cos is the phase advance of the current element dx located at x.
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J,0 e j k x coo sin k (I - x) dx =
0 kt~+ (A-13)

1cos ct cos ) - cos k j fsin Oc cos cos sin kX}

k sin 2

fO eJkx cos 'sin k (I + x) dx=

-1

Icos (ki coB ') - COs kXI - i fsin (k COB ') - cos ' sin k (A-14)
2

k sin

Fe is not a function of x in this case. fhus:

-601 e- j k r e jkH cos e cos (kI coB ') - cos ktE j6I - e- .i2 cos €
M r sin 'P

-j2kH cos 6 2(A-15)
XI cos (-R e ) + (1 -R) F 2vv e 2

n

x (sin 2 -62Cos e) ej 2 kH cos 6j

Similarly:

-,jkr csW cs cskEe JkH J 6 0 (k coB ') - cos k sin

m  r sin 2

(A-16)

x 1 + co C + (1- Rh) F e7- j 2 H cos ]
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Equations A-15 and A-16 are identical to Equations 65 and 66 of Reference 8 if

the surface-wave terms are neglected. Hr ground-wave calculations, these

equations may be written as follows:

E -j601 cos (ki cos ) - cos kI Cos Cos 6 e kRd

-jkR sin -'kR d (A-17)-kr 2 ~
- R e + ( -R) 2 - s 2in  e R sin 2 8

v R rv n2 Rrr n r

- n 2 - sin 2 8 o- iZ n8cos 6) F
n2en

_jR d -jkR r

cos (kI cos )-cos kI e -jRd e -k
E j601 m  sin € d  + R R

sin2  R h [ r (A-18)

-jkR r

where

Rd - jd 2 +(hH)

Rr = 4d 2 + (h + H) 2

d = horizontal distance from the transmitter to the receiver

h = height of the receiving antenna

H = height of the transmitting antenna.

Equations A-17 and A-18 are identical to Equations 10, II, and 12 of Reference

20 if ed = r = .
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The mutual impedance, referred to the dipole base, can be calculated fromn

Reference 8 as:

Z = 6 ej~ [K(U) 2 K(Ul +e)k [K (V)m 1- cos 2kI a 1 0~

- 2 K(V) + 2[MOO)- K(UI- + K(V1) + 2 K(UQ U (A- 19)

x (1 + cos 2 X

where

x Cos yx sin y
X(x) = CL (x) - jSi(x) f- dy -j f' - dy

CO y CO y

0 (A-20)

U0' kd

U1  = kj d' +

d 2H

The self-impedance, obtained from Eq~uation A-19 if d =2a, where a is the

radius of the dipole, is given by:

zl 11 Z'jd = 2 (A-21)
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Equation A-19 is not valid when £ is an integral multiple of a half-

wavelength. In these cases, the impedances should be calculated based on the

assumption of a more accurate form of current distribution (see Reference

9). The total input resistance is:

R. = Re(Z + Rh'Z)

in Z11 h m (A-22)

Rh is given by Equation 2-19.

The directive gain can be found using Equations A-IA, A-16, and A-22 as:

r 2 lIE 12 + IE 2

30 1 sin 2 (k) Ri
m Iin

The radiation vectors are given by:

jcoscos ejkH cos 8 f' I sin k (9-x) ejkx cos ' dx

10 omss 
i nkO( 

- xe e0

+ fO I sin k (I+x) e j k x cos dx]

or

N ~ ~~~~~~ inecs ejHcse/ cos (KL cos,) -cos L(-4N8  =fi cos0 cos ek (A-24)
\ k sin2i /
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N sin e jkH Cos l IsnkBtx jkx cos dx

Io Ii kio Co s) e
+ Imsin k (ZE+x) e OB4 dx](-5

N sin* em Cos Od Cos4,)Cos kI

sin i

The free-space field intensities are given by:

E =-j60 I m e-kr Co Cos 0 Cos W os cos kX(A-26)
Of rsin 2,

E 60 n ekrcos (kX cos 4)-CoB kX (A-27)
Of r sin 2

Then:

lEf I VI JEef + I o 12 (A-28)

I El 1 e + lE0t (A-29)

where Ee and E0 are given by Rjuations A-15 and A-16. The attenuation

relative to free space is:
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A = (A-30)2Zf + IE 12

ADB = 20 log (A-31)

The electric field intensities in the diffraction region are given by:

-j kd
-j 60 1 e

E d Cos cos e cos (ki cos *) cos kk (2Fr) (A-32)
sin 2  r

j 60I e - j kd
, -- 60 1m sin cos (ki cos *,) - cos k1 ( 2 ) (A-33)

d sin 2

VERTICAL MONOPOLE

The field intensities for the vertical monopole are also derived from

those for a Hertzian dipole. The vertical and radial components of electric

field intensity due to a vertical Hertzian dipole (see Reference 27) are given

by:

-jkR -jkRr2 e- d 2 eL rE = -j30kIdZ I sin e + R vsin -R + (1-R)z d Rd Vr RRv

(A-34)

x F sin -jkRr
e r R

r

e _jkR d
Er  J30K IdZ sin d Cos d R d + R sin Cosar d RVs i  r r

n2_sFnsin -jkRr (A-35)
e-jkR r nn r ej r

x R (1-R V ) Fe sin 8r 2 R
r n r
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Due to symmetry, E 0.

In spherical coordinates (r, 6, *):

E Er cos EZ sin e

~~~-jkR d (A6

ie + R sin cos(A-36)
j3kdZ cos d  Rd v r r

-jkR n sin2 r jkR
x (I-R v  F e sin 6r 2 R + j30kIdZ sin 6

r n r
• ~-jkR ej~2  dejkRd 2 e r + -Rv F sin2  ekR

sin + R sin 6 + 1
d Rd  v r Rr e r R

Again, the following approximations are made:

R d  = Rr = r in amplitude terms

ed  = 6 r  = 6

Rd = r - zcos el
in exponent terms

Rr = r + z cos e

Now assume that the current distribution is given by:

I I sin k (t-z) (A-37)
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Then:

kr Jr
j 

1
ekzc Os 8 -jkzcos 8 (E6 j3Ok Idz - sin 61e+RV e _1RV)

8 r V(A-38)

-jkzcos 6 2 2.2 os6
x F e (sine6-1

e n2

Substituting Equation A-37 into A-38 and integrating:

= j3Okl e-3kr sin 8 f sin k (Y.-z) e8kco + R~e j o 6

(A-39)

(1-R ) F e-jkzcos 8 si 2 8 _______ os 6) dzV e 2
n

wh er e

-p
F 1 1 j J e e rc(

and,

erfc(x) 1 2-f xe-Y dy

05
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7hen:

e sin 2 (-Rv) n

j3OkI e r s 1 + R-+ ( (sin 6 2 Cos 
s

C

x2 -RV) (sin 2 cos 6) J3 (A-40)

n

wher e

= ft ejk, cos I sin k (I-z) dz
(A-41)

= (cos (k cos 6) - cos kX] + j [sin (kl cos 6) - cos6 sinkt]

k sin 2 6

= t e-Jkz cos 6 sin k (X-z) dz

(A-42)
= [cos (k cos 6) - cos kX] - j (sin (ki cos 6) - cos e sinki]

k sin 2 6

-p

J = f ejkz cos 6 sin k (X-z) j f e e erfc (j ,JF) dz (A-43)

Equation A-43 is evaluated in APPENDIX B as:
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S1 Jn-sine j2r ee erfc (j

e 1-R 2 k Pe)
V n (A-44)

Icos W cos ) - cos k1 - {sin W cos - sinkk cos e1
x sine

+j2Fe sin k£1

k sin 2

Then:

e-jkr A +JB A2 -JB2  2 2
Em j3i e 2 +R sine + (1-Rv) (sin2 e in 2Sin e cos e)

n
A 2-JB2  2 n-sinO sine n2-sine

x 2 (1-R ) (sin 2 e - 2 cos e) 1-sn 2
sin n Vn

-PA B j2F
e 2-j 2

x j21kr e erfc (j P ) + sin kk (A-45)e sin 6 2

n sin 2

Simplifying further:

e-jkr [ A 2 +j B2  A2 - jB 2  2 4n2sin 2
E a j30Im  r sin e + 'IV sin e + (1-R\) (sin - 2 cos e)

A 2-jB2  2 - 2 (ie) s-2F (sin2 2
X sin 1 sin e e erfc e

(A-46)

2 Cos e) 2 sin ki
n n sin e
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where

A2  = cos (ki cos 6) - cos kX (A-47)

B 2  = sin (ki cos 6) - cos 6 sin kX (A-48)

The first two terms of Equation A-46 (direct and ground-reflected wave

contributions) are identical to Equation 29 in Reference 8. The last two

terms represent the surface-wave contribution to the field.

The radiation resistance of a vertical monopole over lossy earth is very

difficult to calculate. In fact, no accurate representation is available in

the literature.

The method of Sommerfeld and Renner2 8 ' 29 cannot be used here because it

is not applicable when the dipole touches the ground. Thus, the expression

for a perfectly conducting ground will be used here. The input resistance for

perfectly conducting ground is:

R. = 30 _ 1-+Cin 2 k£) Cin (2 k) - cos 2Y Cin (4kl)in i.2 2
n sin 2 2 (A-49)

+ -1 sin 2 kI Si(4k1) - sin 2kX Si (2kY.

2 8Sommerfeld, A. and Fenner, F., "Strahlungsenergie und Erdabsorption bei

Dipolantennen," Ann. Physik, Vol. 41, pp. 1-36, 1942.

29 Kuebler, W. and Karwath, A., Program RENNER: Normalized Radiation
Resistance of a Hertzian Dipole over Arbitrary Ground, ECAC-TN-75-024,

Electrcmagnetic Compatibility Analysis Center, Annapolis, MD, January 1976.
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where

Cn(x) =0.577 + in x CL~ (x)

Si(x) = f " du

Ci(x) = fx Cos U du

(0.577 is Euler's constant)

The directive gain of the dipole is given by:

r= E 
(A-50)

gd 30 1I sin 2(kX2) R,m in

Since =p n g the power gain of the dipole is given by:

gp = J (A-51)
30 1I sin 2(k.) R.m in

where

n(d B)1

n= 10 1 (A-52)

The radiation efficiency is given in Reference 14 as:
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4L\( 2
n(dB) - 6416.702 + 6091.33 2179.89 (-3

+ 364.817 ()-25.646

The radiation vector is obtained by:

N z= -o I sin k (I-z) edz

'm {cos (kX cos 6) -cos )dl + jisin (ki cos 6) -cos 6sin kL}
k sn2

N = N si n 6= m-2 (A-55)
6 z k sin e

The free-space field intensity is given by:

j 30 1 e -kr A2+jB2
E fr -sin 6 (A-56)

The attenuation relative to free space is:

A = E61(A-57)

ADB -20 log 1(A-5 8)

The electric field intensity in the diffraction region is given by:
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-jkd
j 3 0 I e A2 + j B2

E d sin e 2 Fr (A-59)

VERTICAL MCNOPOLE WITH RADIAL-WIRE GROUND SCREEN

Most permanent monopole installations include a ground screen. The

presence of a ground screen has been studied by Wait and Pope, 3 0 Wait and 4

Sirtees, 3 1 Wait,32 and Maley and King.
3 3

The presence of a ground screen will modify the field in the absence of

the screen by a correction factor A E. given by:

E E + A E (A-60)

when Ee (the field without the screen) is given by:

3 Wait, J.R. and Pope, W.A., "The Characteristics of a Vertical Antenna With
a Radial Conductor Ground System," Appl. Sci. Res., Section B.4, 1954
pp. 177-185.

3 1Wait, J.R. and Sirtees, W.J., "Inpedance of a Tbp-loaded Antenna of
Arbitrary Length Over a Circular Grounded Screen," J. Appl. Physics, Vol. 25,
1954, pp. 553-555.

32Wait, J.R., "Effect of the Ground Screen on the Field Radiated from a
Monopole," IRE Trans. Antennas and Propagation, Vol. AP-4, No. 2, 1956,
pp. 179-181.

33Maley, S.W. and King, R.J., "The Dupedance of a onopole Antenna With a
Circular Conducting-Disk Ground System on the Surface of a Lossy Half-space,"
J. Research NBS, 65D (Radio Propagation) No. 2, 1961, pp. 183-188.
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j30 I e-jkr [A 2 + jB2  A2  jB2

r snv sin e

+ (1-R) (sin 2 - 2 Cos 6)
V n2

(A-61)

A2 -jb 2  j e s 2  6 erfc (j

sin { e i 2  e ( )

-j2 F (sin2 2 cos sin k ]
n 2 n 2sinn

where

A2  = cos (k cos e) - cos kX (A-62)

B2  = sin (ki cos 0) - cos 6 sin kZ (A-63)

[n sin e 1ka [e-j  e cos kl J (xsin

AE0  = -E8 [120 w sin kd [cos (kI cos 6) - cos kil (A64)

n sinO eka Ee1  )c + e cos kX] J (x sin 6) dx-- 0 (A-65)
E- 120v sin kl [cos ()d cos 0) - cos kJA

where

1 Bessel function of the first kind
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j o
= , the characteristic impedance of the ground0 + j"IE C

o r

11o = 41x107 , the permeability of free space

LO = 8.854xi0 - 12, the permittivity of free space

C r = relative dielectric constant of the ground

a = conductivity of the ground

w= angular frequency.

If a = , I = 120 IT (free-space value)

If a > > we, r" n 0 4 (perfectly conducting ground)

Vait and Pope (Reference 30) have shown that the effect on the radiation

resistance caused by the ground screen can be expressed as:

R in Rin + Re (AZ1 + AZ2) (A-66)

where

R = 30 1i0 (1 + cos 2 ki) Cin (2 k) - - cos 2 kk Cmn (4 kX)
in sin2  2

(A-67)1
sin 2 k Si (2 k) + - sin 2 kI Si (4 kd)I

2
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and AZ, corresponds to the self-impedance of the monopole over a perfectly

conducting discoid. AZ1 can be expressed as:

zi  n e j 2k  CL (2k (r + 1)) + j 2 Si (2k (r + I))4w sin 2 kI Io

e-2k' C (2k -)) + j (I- Si (2k (ro-))

+ 2 cos 2 kI CL (2 ka) + j (I - Si(2ka))

+ 4 cos kX [Ci (kr ) + j (I- Si (krl)) (A-68)

- 4 cos kI e - j k  Ci (k(r 1 - 9)) + j (- Si (k(r 1 - £ )))

-4 cos kI ejk Ci (k(r I + X)) + j (1 - Si(k(r I + E)))

where

2
r 2 ja + (A-69)

2 
2r = a + a +t2 (A-70)

AZ2 accounts for the finite surface impedance of the radial-conductor system

and is given by:
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2 2
s  T1 [e Jk _e-jk co 1X 2

Ae-e cos - dp (A-71)
2 0 s + 2 n p sin k.

where

240 I 2

n Nn - C (A-72)ns = ANC

C = radius of the conducting screen

N = number of radial conductors

1he directive gain for the monopole over a radial-wire ground screen becomes:

r2 2

2= 2 (A-73)30 1 sin 2(kX) R.
m in

(The radiation efficiency is still given by Equation A-53.)

The free-space field intensity is given by:

E = j30 I e- jkr A2 + jB2  (A-74)Eof r sine

The attenuation relative to free space is:

A 1E I (A-75)

JEef I
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tI

ADB 20 log Ij- (A-76)

The electric field intensity in the diffraction region is given by:

-j kd
j30 Im e A2 + j B2

d sine 2F (A-77)

ELEVATED VERTICAL DIPOLE

The current distribution assumed for the elevated vertical dipole is:

I sin k (Z + z - z), z < z < z + X (A-78)m o o- -- 0

I =

I sink (C- z + z), z - I < z < z (A-79)
m 0 0 - 0 -

The coordinate system is identical to that considered for the vertical

monopole. From Equation A-38:

3 4 jordan, E.C. and Balmain, K.G., Electromagnetic Waves and Iadiating Systems,
Prentice Hall, Englewood Cliffs, NJ, 1968.
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Eek j3'Id sn6 ejkz cose

(1- r FI~ Zcs I -
+ -jkz case 1- ejzcs (sin e - 20. Cos
v v e n2 COe,

I'&th the current distribution as given by Equations A-78 and A-79:

-jkr Z

j3O 90kIme sin e z0. sin k(X-Z P+ Z) ejzcs

+ R e~jzc 4(1-R ) (sin 20a- 4n sn6cos 6) F e-jkz cosO
v v 2 e

z Xjkzco e -jkz cose6
+fZ' sin k (I + ~ COB) + R ve

0 -F ( A - 8 )
+(1-R ) (sin e - Jn-sn cos e) F ejkco6 dz

+ v 2 e
n

Equation A-81 is rewritten as:

E j30 kI -2sin e (J +z + +R (J +J
0 i r 1 1 v 2 2

/2 - 2 - (A-8 1)
+ (1-R (si(.20 - s sine Co 0) (J3 +

V23 3
n
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where

z
J e jkz cose sin k(Z-z + z) dz

jk (Z -1) cosO jkZ cos 8 1A-82)
o oe (cos k9. -j case@ sin k£)

k sin 2 8

z X jkz case
J= fZ° e sin k (£+zo-z) dz

o0

jk(Z +£) cose jkZ cose (A-83)
a ae -e (cos kl + cosO sin d)

k sin2

-jkZ cose
J + J1 = 2 e a cos (ki cose) - cos kX (A-84)k sin2

Z
Z -jkz case sin k (X-Z + z) dz

0o

-jk (Z -£) case cose (cas kY + jcas e s k (A-85)
a -e

e

k sin2 e

Z +1 -jkZ cose
J 2 j e sin k(.Z -z) dz

0o

-jk(Z 0o+9) cose -jkZ coss (A-86)
ao (cas'. £ - j case sin ki)

2
k sin e
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- -jkZ case k
0 cos kXcase) - cos (A87

~2 + 2 e k sin 2e6(-7

z, jzcs -p
= 3 o -jk, cas sin k (Z 0 +z) [ -iPee erf~ ~ dz

0

(A-88)

f =I eikcs sin k(X+Z -Z) (1 -j ,WT e e erf c eP Id
3 0jj0)ede

(A-89)

- -jkz 0cosO cos MEd case) -cos kk

k sin e
-jkz 0case 2

2e n sine

1 -R n 2sine
v

z case - Id e ( 1 W j2,r

xLcos (kX oO cos B e erfc e k -27 (A-90)

Substituting Equations A-84, A-87, and A-90 into Eq~uation A-8i:
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-jkr ljkZ cosO
E6 j601 e cos (kX cose) - c kX o

m r sinO
S- On(A-91)

-jkZo sin2

+ R e + (1-R) (sin2O - 2 Cos )
~n

-jk Z 0 c o s O 1 - -P e
x e [{1-9 e sin2 6 e erfc (j e

e-jkr jkZ cose
E cos (k cos) - cos d (A-92)

j60 m  r sin e

Equation A-91 has been derived previously in the literature for the case Z =
035

0. The second and third terms of Equation A-91 represent the ground-

reflected wave and surface wave, respectively.

If:

R = r - Z cos e
o ( A-93 )

R r + Z cos 6r a

Equation A-91 may be written as:

3 Ramo, S., Whinnery, J.R., and Van Dizer, T., Fields and Waves in
Communication Electronics, John Wiley and Sons, New York, NY, 1965.
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cos (k£ cosO)- cos ki d r

E6 0 1 m sinRd v R
( A-94 )

+ (1-R ) (sin 2 - csin Cos 6)
v 2

n

-jkR

r 2 -Pe
X{ - sin2 6e erfc (j

For calculation of the ground-wave field intensity, Ekluation A-94 may be used

for better accuracy. It can be obtained from Equations 1 and 2 in Reference 20

i r = 6d = e and sin20 = 1 inside the braces.

An analysis of the impedance of an antenna of length 2k and a small radius a

at a height z0 > £ over a lossy ground is an intricate problem and has not

been solved completely (Reference 27). An approximate solution is given by

Sommerfield and Renner (Reference 28). For a Hertizan dipole or for a very

short end-loaded antenna of length 21 with uniform current distribution,

Sommerfeld and Renner obtain:

sin 2 kZ - 2 kZ cos 2 k Z 0Rv = 120 ( k£) 2  22 o 0 0

r 3 3(2kZ
0

cos (2kZ - y) + 2kZ sin (2kZ - )A-95)
+o o

2 -2 [(2kZ)2
0

- cos y Ci (2kZo) - sin y {Si (2kZ) - }
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where

k2  k2k2 = k2 I e - j y  
(A-96)

k k

Equation A-95 is multiplied by the factor (2)2 for sinusoidal current
IT

distribution as discussed in Reference 28 to give:

R 2) Rv
r r

The directive gain is given by: (A-97)

r 2 1 Eel 2
r 2 1 2 

(A-98)30 1 sin2 ( kX) R
m r

The radiation vector is given by:

-2 I cos (kX cos @) - cos kX jkZ cose
m 0

N = e (A-99)z k 2
sin 0

2 1 COS W cosO) cos k e jkZ cosO
N@ = k~ sine co e (A-l0o)

e k sin6

The free-space field intensity is given by:

j60 I ejk
m cos (k£ cos6) - cos k(

Of r sin e
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The attenuation relative to free-space is:

A = (A-102)

and

ADB = 20 log(A-03)

Iihe electric field intensity in the diffraction region is given by:

j60 I e ~k
6 I mi cos (kt cose) - cos k (

E(2 F (A-104)

INVERTED-L

The inverted-L is analyzed by considering the vertical and horizontal

sections separately and then combining the results.

RFr the vertical portion:

'= w/2

r' =0

HS z

s z

Cos = Cos e

I (S) = I sin k (H+L-z) z > 0 (A-i05)
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Cos * h = sin 6 sin 
( A 1 6

I (s) = I sin k (L-y), y > 0
ii m

(A-107)

Fbllowing the approach used in the previous subsections:

e-9kr A4 + j 4 + A4 -jB 4
E = j30 I e R sin
E,v m r sin 6 v sin 8

(1 -R ) (sin 26 - cos e) sin e
n

-p )

*1 j we e sin2 e erfc (j 'f)I

2 2 2 2 2 F (A-08)
- j (sin2 8 - - sin C n -sine

2 cosO) 2 sine
n n

x {sin k (H+X) - sin kX cos (kH cos 6) + j sin k1 sin (kH cos 0)}

Rbr the horizontal portion:
sinO cosOe7 ejkr 5

e r A 2 + B jb" [1-R e- 92khcose
h m sin2 h r 2 5+5

+ (1-R ) F x 2 (sin e - 2 cos6)ev e 22n cos8 n

-J kr
E301 e cos A2 52 jb"

m r sin 2' V (A-110)

x 1 + R e-j2kH cos6 + (1Rh) F e
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where

A4 = cos (kH cose) coskX - sin (kH cose) cose sin kI - cos (k (H+2)) (A-111)

B4 = cos(kHcose) cosesink. + sin(kHcose) coskX - cose sin k(H+X) (A-112)

A5 = cos (kt cosh ) - cos ki (A-113)

B5 = sin (kX cos* h) - cos 1h sin U. (A-114)

-1 B5

b" = tan - (A-11 5)A5

E = E@ +E (A-116)e ,v Ee,h

E = E ,h , (A-117)

The radiation resistance is given by:

Rin = Rinv + Rinh

where Rnv is given by Bluation A-49 except that 2 is replaced by (H + ).

Rinh is given by:

170



ESD-TR-80-1 02 Appendix A

R. -60 +9n-i(1)+I1.415 +I (ILI sin 2 Ud~(-a

The directive gain is given by:

r2 Ee12 + IE 12

gd - 2 .2
30 1 sin [k (H+.&)] R~

m i

The radiation efficiency n is given for <0.2 (Reference 14) by:

n(dB) = 20 log 0 [6.335 (-9) + 67.95 H112 - 693 !j3+ 1600 !!4] A10

The power gain is given in dB by:

G p(dB) = fl(dB) + 10 log 10 gd (A-i121)

The radiation vectors are:

N = inO fHIsin k (H + I z) e jkz cose z Mm A 4 +j A12
6,v 0i mz k sin 0 (Ai2

N =,v 0 (A-123)
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Ne,h -cosO sin f II sin (k(t-y)) e cohdy

-s n A A5 + jB5  (A-124)
=-cose sin k sin2 h

jky cos~h

N = cosO f4 I sin (k(I-y)) e dy

Im A + j B5

. 2 '
sin * h

where A4 , B4 , A5 , and B5 are given by Ekuation A-111, A-112, A-113, and A-114,

respectively.

N8 N ,v + Ne ,h

[A 4 + jB4 A5 + jB5 (A-126)

ki sneM2 case sino-k sin sin2 'h I
h]

I A + jB 5
N = Nh k 2 cos * (A-127)

sin h

The free-space field intensities are:

-jkr +JB 5+J5ossi ]

j30 I me rA 4 + jB4  A5 + jB5
Esin sin2 cse s (A-128)

sin h
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- jkr
j30 I e A5 +

m J__ B5_

E rs2 h COsO (A-129)
Of r si'ph

The attenuation relative to free space is given by:

lE12 + IE 12

A = (A-130)
EOfI 2I+ iE f 2

where E0 and EO are given by Equations A-116 and A-117, respectively.

1

ADB = 20 log (A-131)

The electric field intensities in the diffraction region are given by:

J30E e-kr [ A 4 + jB 4  A5 + JB5 6 sinOj2 F (A-132)

E = r sin sin2 cs -2 r

- jkrJ30Oine A5 + jB5
m 5E r sin2 *h cos 2 F (A-133)
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ARBITRARILY TILTED DIPOLE

FRr this antenna:

9 = ir /2 - a w i/2, HS Z H + s sin a' (A-134)

cos'P = case sin a' + sine COs a' sin (A-135)

I -I msin k (I +s), -Z4S < 0(A16

I sin k (I - s) , 0 < s a

Using the same approach as in the previous subsections, the field intensities

are given by:

0 e jkr [kco A6
EO j m r esi 2 *(cos a' sin case - sina' sine)

(A-137)

-R A 7  (cos a' sino case + sin a' sine) e-j
2k~ose

vsin 2 *

A 7  -j2klkos6

sin 2 v e

2 27 i sin2e
x (sine- 2 case) (cos a' sinO 2 -sin a' sine)

n n

E J601 e -jkr e ikiLcose Cosc ase fO A 6+Re- jZk~cose A 7
L sin 2* sin 2'

+ (1-R )F A7 - j ~ cs (A-138)
h m 2

sin 4
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where

A = cos (kfL cos,) -cos kA (A-139)6

A 7= Cos (kiCos j)cos kk (A-140)

ICosi*( = cos*~ - 2 sin a' cosO = -cosG sin a' + sine cos a' sino (A-141)

7he field equations for a horizontal dipole are obtained if a' =0 is

substituted in Eukations A-137 and A-138. The substitution a' = w,/2 gives

the field equations for the vertical dipole, except for a slightly different

surface-wave term (because Fe was assumed constant in evaluating the

integrals).

The directive gain is obtained from:

12 1 F I 2 + I (A -142)

where

Fe 6 (cos a' sinO cos6 - sin a' sinO)
6 sin 2 *

-R A - (cos a' sin$ cose + sin a' sin) e-j2kH cose A13

vsin2 
j

+ ~ coe (I -R )F (sin e - 4ns-n cose)
sn2' v e n2

x (Cosa' sino
n2
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A6 A7

A A Rh 2 -j2kHcose

sin2 sin2 (A-144)

A7  - j2kHcoO 
o+ (I-R h  F 2"eCos a' coso

m sin 2

R. = RI  + Re [Z (cos a' - j sin ax) (R cos a" + j R sin')) (A-145)
in 121 v

where Rh' and Rv ' are given by Equations 2-19 and 2-20. The self impedance

Rll can be calculated from R21 by replacing the element separation by 2a,

where a is the radius of the element, to give:

1 £1
f2 2 2S z +_

=1-3 0 [L (sin 2r 2 (A-146)
21 -0 1  p2  1  r

s +z -- s +Zg2 1 2 z 
+ sin 2 r00 2 - 2 cos wR1 sin 27r

2  r2  1 r

x (S 2 + y S + S 2)]
x o y y

sin .27rr cos t£ 1  sin 2wr I  sin 2wr sin [2w (- I- Msl) s
+ [2 1] S 2ds

r rr 2 z s

2 X 1 S Z + ZO0 + -2

X2 1 =-30f (cos 2r o (A-147)

2
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S +Z -- S +Z
+ cos 2wr 2  z 2 2 cos I cos 2rr Z 0

2 21x (S +y S + $)
x 0 y y

cos 2rr cos Ir1 cos 2wr cos 2wr 2
11 2 z

sin [2w (- - Is,)]2 -ds
d

As can be derived from Figure A-i:

S = s cosO, S = s sine sino, S = s sine cosoz y x
p= Sx2 + (o + S) 2  r 2 + (ZO + S) 2  (A-148)

2S 2 12 -18

= + (Z° + S + - , r =p + (zo + Sz -- 2

s +z S + Z + 1-1z z z o 2
cos a = r 'Cos aI, r

S + + Z 0 2

Z o 2
r OOB -

co a2 r2

The radiation vectors are given by:

N 2 1 m cos (kc "'I' - COs kX (-cos a' sin cosO + sina' sine) (A-149)
68  k -- sin2

21I

N 2 1m cos (Wd cos*j) - cos kk (* Ic s2 cosa" coB 0  (A-150)

sin

177



ESD-TR-80- 102 Appendix A

z za

Yo-

Figue A1. eomericl rlatinshps etwe w hnwrs

36Bake______________ ds.adL~oe .. Dgta optto fteMta

Imedne ewenThnDiols" R Tas.Atena ndPopgtin

Vol.AP-1, No 2, p. 72-18, Mrch 962

17



ESD-TR-80-102 Appendix A

The free-space field intensities are given by:

60 I ejkr
E - m cos (kL cosW) - COB k (-cosa' sino cos6 + sina' sine)r2 sin2 

(A-151)

60 I e -jkr

E 6 m cos W -* o os cos (A-152)
r 2

sin

The attenuation relative to free space is:

Ssin2 AiFe12 + i12 (A-153)

[cos (kX cos*)-coskt] \I(-cosa-sin~cosO + sina'sin6) 2 +(Cosacos )

ADB = 20 log - (A-154)
JI

The electric field intensities in the diffraction region are:

60 1 e-jkdE m cos (ktcos,) - cos )d
Sdsin2

sn 2(A-155)

x (-cosa' sin* cose + sina sinO)(2 F)

60 I e-jkdE m Cos (kdcos*) - cos k
E - d sin 2 4 (A-156)

x (Cosa' COW) 2 Fr1
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SLOPING MUIG-WIRE

For this antenna:

6' = i/2 - x', = iT/2, H = z = s sin a' (A-157)s

cosi = cose sin a' + sine cos a' sin (A-158)

The current distribution is given by:

I = I sin k(£-s), s > 0 (A-159)s in

The final expressions for the field strength are:

= -J30 I~ e-kr [A 6 + JB6 (cosa' sin cose - sins' sine)

A7 r I si(A-160)

- R A (cosc' sinO cose + sins' sine)
v sin 2 P'

A7 + jB7  2 n-si2 co

+ (1-R ) F (sin 2e 2 cose)
sin 2 v e n2

x (cos a' sin n 2 - sinn2)]
nJ

The first two terms of Equation A-160 are identical to Equation 54 of

Reference 8, and the third term represents the surface wave.
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-jkr A6 + jB 6  A7 + jB

E j30Im er cosa cos [ 6  2 R h ,27

sin2 sin 2

Ar + j Bh (A-161)

+ (1-R ) F
v m 2

sin

The first two terms of Equation A-161 are identical to Equation 55 of

Reference 8, and the third term represents the surface wave. In Equations A-

160 and A-161:

A 6 = cos (kk cos*) - cos kI (A-162)

B6  = sin (kX cosP) - sin kX cos 4 (A-163)

6i

A7  = cos (k£ cos* ) -cos kk (A-164)

B7  = sin (kX cos* ) - sin kI cos* (A-165)

7

coS - cos* - 2 sina' cos6 = -cosO sina' + sine cosa" sino (A-166)

The directive gain is

2 12 2r (z e  + El),
gd 2 2  

(A-167)

30 I sin (kX) Rin
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where

R in= R11 + R (CZ) (A-168)in 11 e m

R = 60 [Xn k - C. (2 k£) + sin 2d 0.4231 (A-169)
11 2 k

Z = 120 (Xn--- 0.60 + £n sincx) - j170 (A-170)
m2

with a = wire radius.

The radiation vectors are given by:

Im A6 + j"
N = -(cosa' sin cose - sins' sine) A 6 (A-171)

k J 2k sin21(

SCos cosIm A 6 + JB6 (A-172)
k sin 2p

The free-space field intensities are given by:

30 I ejkr A6 + j 6
E - (Cosa' sinO cose - sinz sine) (A-173)of r .2sin

30 Im e jkr A6 + jB6Ef r i 2  COSa, CosO (A-174)
r sin 2~

The attenuation relative to free space is:

A J' (A-175)
2 2

lef I + IE OIl
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where E8 and E# are given by Equations A-160 and A-161, respectively.

t;I

ADB = 20 log 1 (A-176)

The electric field intensities in the diffraction region are:

30e j e- kdA+
E 1 m 6 jB6 (cosa' sino cosO - sinz sin)(2 F)(A-177)

o d sing

30 1 e-jkd A + jB
E.26 (cosacos) Fr (A-178)

sin

TERMINATED SLOPING-V

Let the angle between the antenna wires be 2y, and the angle between the

antenna wires and the ground plane be a'. he projection of the two wires on

the ground surface makes an angle 0' with the X-axis. 7he length of each wire

is I meters.

Rbr wire # 1:

0' = wT/2 - a, 0' = 8'

Cos * - cos8 sina' + sine cosao cos ( - 8) (A-179)

Rr wire #2:
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Be= r/2 -al, of

Cos * 2  =cose sint + sine cos± cos(O + V) (A-180)

where

a sin -H ,-(wT/2 - -y) a < wr/2 - Y (A-i181)

=sin- (-i.Y) (A-182)
Cos Ot

the height of the current element ds above ground is:

H =z H 4s sina' (A-183)

The current distribution is:

1 (S) = e-jks

(A-184)

12(S) 'm e~k

W4th the above current distribution, the components of the electric field

become:
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Ee 30 1 - lCosa' case Cos () 1 -ein r IIu1

-jklU(A15
R e- ~Hcose l-e- 3 (lR(A85

-jk£U 3
xe-j2 kftose IT______ (si 2 6 n=si-6cose) 1-I

e 2 co6n2 u 3

-sinci sin6 [-e- klUl1 + R e-j2kHcose 1-eck"

2 v's 6 - -j k£l3
(1-R) Fe ei Hcose (sin 2  

-case) l- 3 J
n3

Ee 30 1 e-jkr cas ja( + 8)

-2 Me~ cs -ea os o + 1-eR

j~k~cs6 1-- j keU4 
(-186

R e(sin(1- -

eoO V 2 2 jkU
n 2casO n2 4

+ sina' sine -- jtU + R e~jkcs - j U4

+ (-R)F -J~Hcose si 2e 6 n-sn oe -
(- e(sn2 U4 JJOS)n4

E 30 1~ m ir Coa' sin (-)[I-e~U

+h- J2kHcose 1-e k 3
(A17
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+ (1-R) e- j2kHcose 1-e -jkU3]

e j k r  1-e- j i
4~2 m r [ijekLU2

E = -30 1 - cosa sin(O + 8)

+ R e-j2kHcose 1-e_-jkU 4  

(A-188)

u 4

"J kLU4 ]I'

j2kHcose 1-e jX4+ (1-R h ) F e
h m U4

where

U. = 1-cos* i , i = 1,2,3,4 (A-189)1 1

Cos *3 = cose sina' + sine coso' cos (0 - ) (A-190)

cos*4  = -cose sina' + sine cosa' cos ( + 8i) (A-191)

The total field components become:

E 6 E61 + E 2 (A-192)
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E =E0 + E (A-193)
* 01 02

The directive gain is given by:

r 2 (1E 61 
2  + IE 2)

gd31 2 R 0n (A-194)

R. = 120 (In -I-+ In sin Y- 0.60) (A-195)
in 2ira

(This is a free-space approximation where a is the wire radius.)

In practice, R.n =600 0i is used.

The radiation efficiency of the terminated sloping-V is:

n -2.7 dB or (54%) (A-196)

The power gain in decibels is given by:

G p(dB) -- 2.7 + 10 log 1 0 9d (A-197)

N6 e [i1{cosa' cose cos (0' ) -sini sin6)}

1-e -kIU2(A-198)

+ U2 1{-cosa' cose cos( + 0') + sina'si&

187



ESD-TR-80-102 Appendix A

Im 1 e sin (€ -[ -) 

I

1-e-jkU2 (A-199 )

U 1s-e s 0 + B-) Cosa,

The free-space field intensities are given by:

E = jk 30 kr (A-200)Of ~ r a

ek3 -k

E = jk 30 jkr N (A-201)
O~f r

The attenuation relative to free space is:

/ 02 + 2

AEfl +iEf (A-202)

ADB =  20 log 1 (A-203)

The electric field intensities in the diffraction region are:

E8  = jk 30 e7jk ( N ) (2 P (A-204)
2 r

-jkd
E - jk 30 e (N ) (2 F) (A-205)

d (
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TERMINATED SLOPING RHOMIC
3 7'38

Equations A-185, A-186, A-187, and A-188 still apply for wires #1 and #2, with

the understanding that:

-1 H-' - H -1 H' H
' - sin 29 (A-206)

where

H' = height of the termination

H = height of the feed

H-" = height of the other two vertexes.

For wires #3 and #4:

H - WI + s sina' (A-207)

I3(s) - Iee-Jc I e-jks (A-208)
3 m

I (s) - -I e- ejks (A-209)
4 m

Since one end of wires #3 and #4 are not located at the origin, the radial

distance for these wires (r' r - 2 cos *2) must be used in the exponent.

Assune r' - r in the denominator. These approximations yield the following

expressions for the fields from wires #3 and #4:

3 7Bruce, E., "Developments in Short-Wave Directional Antennas," Proc.
IRE, Vol. 19, No. 8, pp. 1406-1433, August 1931.

3%ruce, E., Beck, A.C. and lowry, L.R., "Horizontal Phombic Antennas,"
Proc. IRE, Vol. 23, No. 1, pp. 24-46, January 1935.
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-jkr - jkLU2  ____e _

E = 3 0  1 m e r e -cosa- cos e cos ( + ) [ k U1

-JkU 3  (A-210)

1-e -j2kH" cose
-R eU3  V

3

-Jk£.U3  2 2

+ -j2kH'cose (1 F n2 -sin2 (1ee(1-R ) F 2' ( sin2

U3  v e 23 n Cose

5 2 _ sin 2 6 cose)] + sina sine
2

n_jnU 2-j£U 3

e 1-e jkU 3 R e-j2kH" cose

x U U3  v

+ 1-e -kX 3 ( -R F - j2kH" Cosa (sin 2 -Coa+ - (1-R ) F (en- 2n sn
+ U3  v e n  s2

U 3 t

e - jkr -jkZU 1
1 s c- J e cU2s +E =4 3 e Cosa' Cosa Cos ( + a) U2e

-jkU j(A-211)

-jk U4  2.2
1-e - j2kH"cose ) (i2 s 1 in I o)

+ e~~ e1Rn-in ___

U4  e 2 2

-sina' sine [1-e-jkU 2  + 1e-kU4R e- ircase
- j kXU 4

1-e - F 2Hc H"css n 2 vn6 s
+ e (-R F e (sine2 Cae)

4 nU 4  v e n 2

190
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-- jkZU3

-jkr -jkXU 2

E 30 I e cos sin (-)03m r U 1 (A-212)

1-e R - j2kH"cose 1-e 3j2kH"cos

U h2

-jkr jU -

U41 -e -j2k H" co se
+ R e

e ta (e-R h ) comj2kpn't cosUh m

The total field components are:

E = E 6 + E62 + E63 + E 4 (A-214)

E = E + E 2 + E 3 + E 4 (A-215)

The expression for directive gain is:

2
= r 2Eel + E 2) (A-216)
gd = 2

30 I R.
m in

If the rhombic antenna is properly terminated, Rin may be taken as the

termination resistance. In pr;ctice, Rin = 600 ohms is used. The radiation

efficiency is given by:

191
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= -2.3 dB (59%) (A-217)

and the power gain is given by:

G (dB) = -2.3 + 10 log1 0 gd (A-218)

pI
The total radiation vectors are:

N-J ( U1 -jkiU2  __ _ _ _ _ _ _ _ _ _ _ _ _ _ _I = -jkj- -je _Cosa, cose cos (8+V)-sina' sine
N 1e(1-e C5jk U2

(A-219)

cosa' cosO cos (-) - sin sin
+ U 1  s ]

I -jk£U -jkZU rr= 1 2 sin (@ ' sin-(2+0
N m (1-e ) (1-e 2 cos, si si 2 (A-220)

jk U1 U

The free-space field intensities are given by:

Eef j30k e- Nr (A-221)
r a

E = k r N (A-222)

The attenuation relative to free-space is:
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j'Et 2 + lEV2

A ( A-223)

and

ADB = 20 log 1 (A-224)

The electric field intensities in the diffraction region are:

-jkde
E = j3Ok d (Ne) (2 F) (A-225)

d 6 r

j kd
E = j30k __ (N,) (2 F) (A-226)

d r

TERMINATED HORIZONTAL RHOMBIC

The following equations can be obtained from those for the terminated

sloping rhombic by letting a' = 0 and 8' = y.

The 6 - components are given by:

-jkr -jkU 1  [
E -301 e cose cos ( 1-) - R e61 m r U1  v

(A-227)

-2k e _______ 2 27 26
+ (1-R ) F e- j2kHcos n -sin (sine n2sin2 cose)

v e 2 2 ]oe
e k -jkLU 2  [

E8 2  -30 1  e7r 1-e cose cos (W+y) 1-Rv e
02m r 2

(A-228)
-j2kHcosS n - sin28 2 n i2

+ (0-R) F e (sin 0 - Cos 6)v e 2 2 Jo
n cose 

n
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-jkr -jkU 1-jklU

E -301 e CosI-R e - j 2 k Hc s o

m r I (A-229)

-j~~k~cose 6 -In 2 'n-~ecs)
+(1-R) F e- j2kHcos 4 2 sin (sine 2 2 Cosa)

v e n cosa n

e-jkr -jkiU1 1-e eJ k c s

E = 301 e r e U2 cose cos( +4Y) Rv j2kH

(A-230)

- j 2k Hco se _____ 26 N sine

(1-R ) F e 2(sin e2a
v e n 2Cosa n

The 0-components are given by:

e -jkr -e jkU1 -j2kHcosE 301 sin (0-Y) 1 + Rh e - j k  s

im r siUI p

(A-231)

+ (1-Rh) F e-j 2kHcosej

-jkr 1-e-Jk£U2  [

sin (+y) j2kHcOse
E@ 3 m r U2

+ (1-Rh) F e-2kHcose]

ei -jkXU1 -kU

r30 1 - e sin (4-Y) +
E3 = m  r UI h(A-233)

-jkHcose]+ (1-R ) F e
h

3 -jkr 1-e jktU 2 -jkXU 1 sinE4= 30 1 e e- sin ( +f) I + R hejkcs

4 rU 2  (A-234)

+ (1-Rh) F ei2kHcose
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where

U 1 - sin 8 cos - (A-235)

U = 1 - sin 8 cos ( + y) (A-236)

Summing the 8- and *- components:

-jkU 2  -jkLU2
_________ k9Z U 1 ktEU2

-jkr 2 2 sin 1 sin 2
E8  -30 1Im e U2 (A-237)

x 2 cosO sin siny [1 - Rej2kHcOsG
lv

S(1-R) F e-J2kHos8  n - sin (s i n2 e n - sin2 cos)
v e 2 2jn cOS8 n

-jkU 1  -jk£U 2  kAU kXU

e-jkr 4e 2 e 2 sin -- sin 2

m r U1 U 2  (A-238)
r 12

2 sin y [sine cosy (cos2  - sin 2 ) - coso]

x [ + R e- 2kHcose + (1-Rh) F e-j2kHcos8]
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The directive gain is given by:

2 2 21

= 2 
(A-239)30 I R,

m in

where Rin = 600 Q in practice.

The radiation efficiency is:

n = -2.3 dB (59%) (A-240)

The power gain in decibels is given by:

Gp -2.3 + 10 log 10 g (A-241)

The radiation vectors are:

-jklU 1  -jk£U2  kLU1 kU 2

8 e 2 2 -sin- 2 sin -2

N 8 mj e U1 U2  2 2 cose sin$ siny (A-242)

-jkU1  -jkZU 2  kU1 kU 2

81 2 2 sin --- sin -

N, = I m e e 2 2 siny (sine cosy - cos o ) (A-243)
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The free-space field intensities are:

j30k e- j kr (A-244)E ef r N 

{

j~ 30 k e 
- jk r

Er N (A-245)

The attenuation relative to free space is:

1 Eel2 + le i2

A = (A-246)lEfI2 + IE,fl 2

ADB = 20 log 1 (A-247)

The electric field intensities in the diffraction region are:

SJ3k (N6 ) (2 Fr ) (A-248)
d r

E J 30k_ e- j kd

E = d (N ) (2 F ) (A-249)
*d r

SIDE-LOADED VERTICAL HALF-RHOMBIC

Fbr wire #1:

6 1/2 - a', 0' - 0, HS = z s sine' (A-250)
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cos*, 1  = cosa sina" + sine cosa' cosO (A-251)

For wire #2:

= r/2 + a, *" = 0, Hs2 = (I - s) sina' (A-252)

cos*2  = -cosO sina' + sine cosa' coso (A-253)

The current distribution on the two wires is given by:

1 (s) = I e -jk (A-254)
I m

12(s) = Ie e (A-255)

RFllowing the same approach used in the previous subsections, the final

expressions for the components of electric field strength are:

Eel 30 1 e-jkr -cosa cos@ cos [F - R F2

(A-256)

(1-R ) F F n 2-_ _ (si 2 n csin Cosa)
e2 2 e 2

n Cos n

+ sina' sine F + Rv F 2 + (I-R v ) F e 2 (sin 2 - 2 CoaIi v2cvse2)
n

. 198
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E 30 e- jkr -jklU 1 Cosa' Cas cos [F2  -R ejk2kl sine" cose

22 m  r 2 I

n7 sin 26

+ (1-Rv) FeF
v e ncos

(sine 2 cose) e -j2kX sine cose]

(A-257)

+ sine sin [F2 + R F1 ej 2 kl sina' Ca

+ (1-R) FeF (sine- 2 c sin2 Cosa) e-j2kE sine" cosalln

E = -30 I m -kr Cosa' sin; r1 + R F2 + (I-R)FF (A-258)

-301 F -jkU

E@2 = - 30 1 m e- cosm Isin [ e
j r [ (A-259)

h mIn+R. FI e +(I-R h ) F Fe

where

U1  1-cos*1 = i-cose sineA - sine cosa' cos (A-260)

U2  = 1-cosW 1 + 2 cose sine' = 1-cos* 2

(A-261)

= 1 + cose sinae - sine Cosa' cos
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= , i =1, 2 (A-262)
i U I

The total field components become-

30 1me - jkr
E = E01 + E 30 m FF (A-263)

e 1 2 r 8
I -jkr

30 Ime
E0  = E1 +E2=- r F0  (A-264)

where

_ j kdU1  -j kLU2 )

F -Cosa' COS COSO [F1 + F2 e - Rv (F 2 + F, e (A-265)

T_____ 20 2 2
+ (1-Rv) F Vn - sin x (sin8 - 22ie cos) (F2+Fe 2

n cose njkU -jkXU 2

s i n a i n 6I F - F 2  e + ( F 2  - F 1 e )

+ (1-R v ) F (sin2 - 2 n cose) (F2 - F1 een 2

r k£ 1 -j k£U2

F Cos a sin I  F + F2  e + Rh (F 2 + F1 e

+ (-Rh) (F 2 + F1 e 2

The directive gain of the side-terminated vertical half-rhombic antenna is

then:

30 (1Fel 2  + IF 12)

gd R (A-267)

in
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where

R. = 60 (kn - + Xn sin a' 0.6)

with (A-268)

a = wire radius

Equation A-268 is exact when the ground is perfectly conducting.

The radiation efficiency is:

n = -2.3 dB (59%) (A-269)

The total rdiation vectors become:

N8 = - [F 1 (cosa' cosO coso - sina' sin6)
I 

(A-270)
-j kLU1

- F2 e (cosi cosO cosO + sint sine)

. -jkZU -jk£U
= j-' cos6 "COSo (F + F2 e ) + sina sine (F- F2 e

I -jk.ET
m -1

N = - F-- , F 1 + F sin cos' (A-271)
Tk 2e

The free-space electric field intensities are given by:
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Ef j3O k e irN 6  (A-272)

E Of j3Ok e r N (A-273)

The attenuation relative to free space is given by:

A = (A-274)

ADB 20 log-1 (A-275)

JI

The electric field intensities in the diffraction region are:

E = j 3 0 k 22! kd (2 Fr (A-277)d (r.

HORIZONTAL YAGI-UDA ARRAY

Fbr this antenna:
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= /2 , * = 0 , a' 0, H = H , s x , cos * = sin 6 co s( -s (A-278)

I(s) = I. sin k (2. - IxI), i = 1,2,..., N

-jkr.i s (k cos) - cos kI,

jkHcose coE. 6 0 i ri  sin2 CS
E iI s i n 2 ( A -2 7 9 )

x cose (1-R e j2kH cos8

+n 2  sin 2 -j2kHcos6 -2 -sin26 cose )+ (1-R v ) 2 e F (sin2 e- 2 cs)

V e n 2

-jkr.|
i cos (kk cos*) - cos kkiEj 60 I. e eJkH cose i in

L r sin 2 (A-280)

x [1 + Rh e -kHcO + (IRh ) P e 2kHcose

ri is the distance between the base of the ith element and the far-field

point, which is related to r, by:

ri = r1 -y i sine sin (A-281)
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where

y = 0, y 2 dip y 3 d 1+ d 2 n 1=1 d d (A-282)

The total field components can be obtained by summing the contributions from

all the elements to give:

-j kr
1r

e jkHcos6 coso -j2kHcose
E = E -j60 e cose (1-R e )+ (1-R

1 sin4

2 22 2
n - sin 6e _-j2kHcose (i 2 6 n -sin 6e oe A +j

2 e Fe(i - 2 11e) (A11B
n n J n(A-28 3)

1r
e jkHcose sino j -j2kHcos8

E = E j6O - e ~1+ R e
I= i1 Oi r 2 I h

1 sin(A-284)

+ (1-R F Fe-jkcs (A + jE)
h m 11 1

where

A 1+ JE1 = =1I mi ej sEOsn cos (kX . - cos*p) - cos ki ] (A-285)

The input impedence looking into the feed point of the active element can be

determined by considering the circuit relations:
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11 * 'h '11 '12 + h' Z12 . .IN + 'h'ZIN I-bl 0
Z21 + 'h ' '21 Z22 . 2N + Rh 'Z 2 N Ib2 V2

i .... (A-286)

N Rh 'NI" 'N2 + 'N2 . . .*ZNN Rh' NN' 'bN

where the reflection coefficient for horizontal polarization with e = 00, is

given by:

k2
1 - k -k

1 - n k 2R - I +n k k + k (A-287)

k
and

Zii = open-circuit self-impedance of the ith real element, calculated by

Equation A-289 with £ = £I

Zij = open-circuit mutual impedance between the ith and jth real elements,

calculated by Equation A-290 with d = Iy-YjI

Zii' = open-circuit mutual impedance between the ith real element and its

own image, calculated by Equation A-288 with X = 2. and d = 2H

Zij' = open-circuit mutual impedance between the ith real element and the

ima e of the jth real element, calculated by Equation A-290 with d =

4H2 + (Yi - yj)2

60 F e-j2kZ eJ2kZ
Z [ eI-coX (K(U ) - 2 K (U )] + e (K(V ) - 2K(V )]m I -cos 2 k 1o 1 0

+ 2 [K(U) - K(U 1 ) - K(V 1)] + 2 K(U ) (1 + cos 2 kX) (A-288)
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where

K(x) = Ci (x) - j Si(x) = J C dy- f o s dy (A-288a)
y 0 y

= k d + 42 - 211 (A-288b)

20  2

V = k [ d2 + 4X2 + 2Y) (A-288c)
0

U = kd (A-288d)0

U = k [ d 2 +2 - (A-288e)

V k= [ d 2 + X2 + X) (A-288f)

d = 2H (A-288g)

Equation A-288 is also used to calculate the self impedance if d = a 2, where

a is the radius of the dipole, i.e.:

Z Zm I d= a Vr (A-289)

Since Equation A-288 is not valid for k = irP, P = 1, 2. ..... , the more exact

formulas in Reference 9 should be used. To save computer time, Equation A-288

can be used satisfactorily in most cases.
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The mutual impedance between two parallel dipoles of different lengths,

referred to the antenna base, is found from:39

Z = 60 [e - 1Wl U K( (
m o 60 Wi [ K(U) - K(U) - K(U 2 )]

J wI -j W2
+ e [K(V ) - K(V ) - K(V 2)] + e [K(U ) - K(UI) - K(V 2)]

(A-290)

+ e [K(V ) - K(V ) - K(U2)1 + 2 K(W ) (cos W + cos W)o 1 o12]

where

K(x) = Ci(x) - j Si(x) (A-290a)

U = k [, d *2 + (£ + ;j)2 _ (. + )

i(P o+i i 9 (A-290b)

dj2 )2 + (. + )] (A-290c)Vo =1)[ 1i +  2. (£

39King, R.W.P. and W, T.T., "Currents, Charges, and Near Fields of
Cylindrical Antennas", Radio Science, Vol. 69D, No. 3, pp. 429-446,
March 1965.
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U = ( d 2 + (1 - 9)2 - (£i -9..] (A-290d)
0 ij 1

V 0 = k [d. *: 2 + (. - X.)2 + (z -9.)] (A-290e)

U1  = k [Vd..2 + X2 i. ] (A-290f)

V, = k d 2i + it.2 + I.] [A-290g)

U 2  =k [ ij + 7y' - J (A-9h
2 

2

V k d.. + X. + j (A-290i)
22

W, = k ( d. + X . (A-290j)

2 3

W2  = k ( . . (A-290k)

2 13

1 3

W - kd.. (A-2901)
0 13

dij = distance between the two elerents considered.

It is easy to show that Equation A-288 can be obtained from Equation A-290 by

letting Xi = I= i "

Solving for Ibi from Equation A-286, the current maxima can be calculated
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from:

nu i ki i 1, 2, . ,N (A-291)
mi sin k

The input resistance is given by:

R in Re -- (A-292)
(in

Again, the directive gain is found by:

r 1r E E1  2 (A-293)

gd 30 1b2 2Rin

Since L1,2 I Ee, and EO are directly prcportional to V1 2cancels in Equation

A-293. Ee and E, are given by Equations A-283 and A-284 and R in by Equation

A-292. 1b2 is found in Equation A-286. The radiation efficiency of a Yagi-

Uda array is given by:

=-1.8 dB (65%) (A-294)

TIhe power gain in decibels is given by:

G = -1.8 + 10 log 10 (A-295)
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The radiation vectors are obtained by summing the contributions from all the

elemtents to give:

2 1 cos (ki cos'p) - cos kX jky sine sino
mi i i i

N = -cosO cose eo i1 k 2
sin 'p(A-296)

2 1 cos (kX cosp) - cos kI jky sinO sino

N -sino mi S (A-297)
*i1 k 2

sin '

The free-space field intensities are given by:

- jkr

E 6f j3Ok -r N
(A-298)

j0e-jkr iOOcs ky sin6 sin
- E I e (cos (ki cos'p) - coskX
r 2 mi i

sin ' =

-jkr jky sine sin
J6Oe sino J

E = r 2 . Imie

sin 'pi-I
(A-299)

x fcoe W3 cos'p) - cos I
i

7he attenuation relative to free-space is:

210



ESD-TR-80-102 Appendix A

A (A-300)

ADB = 20 log 1(A-301)

The electric field intensities in the diffraction region are:

-j60 e -jdcosq cose N jky sinS sino
E r I e i

sin t i mi (A-302)

x (cos (ki cos J) -cos kt. (2 Fr

j6e-jkd fin N ky sine sino

E -= E I e

si d 1==1 (A-303)

x cos (ki cosiP) - cos ki] (2 Fr

HORIZONTALLY POLARIZED LOG-PERIODIC DIPOLE ARRAY 4 0

For this antenna,

a'= 0, 6- - w/2, *'=0, s - x, Hs = Hi. cos* sine coso

I msin k (X-s) = I misin k (X - lxi1)

(A-3 04)

=angle between the far-field point (e, *) and the array axis.

40 M, M.T. and Walters, L.C., Cbmputed Radiation Patterns of lo0g-Periodic

Antennas Over Lossy Plane Gr~ound, ESSA Ibchnical Feport IER 54-ITSA 52,
Boulder, CO, 1967.
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cos" = cose coSe" + sin8 sinO" sin (A-305)

The lengths of the dipole elements are related by:

£n
= T; n = 1, 2, . . .. N-I; 0 <T <I (A-306)2 +1 "

n

The spacing between dipole elements is related to the element lengths by:

d
n = (1-T) cota (A-307)1 +1
n

r = r - ( d ) cos*" = r - y csc6" cos*"
I 1 n=1 n 1 i

(A-308)
i 1, 2, . . .. , N

y 0
1

H H + d) cos"= H + y cot O" (A-309)
i 1 nil n I i

The field components contributed by the ith element are:
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-jkr.1
j60I .e cos (k2. cos*) - cos .mi

E =- _ _ _ _1 cos
81r. 2

i sin (A-310)

-j2kH. cose
x cose (1 - R e 1

vH

2 n2 2026/~ 7  -.i2kH cosOI
+ (1-R) Vn 2 - sin F (sin 2- n2 sin2@" cos6)ev n2 e n2

n nl

-jkr.

j60 Imie COB (s . cos*) -coskk. -j2kH.cos8
Er 2 sin 1 1 + Re

1 s in (A-311)

-jkHl i cos8e

+ (1I-Rh ) F em

Summing the contributions from all the dipole elements gives:

-jkr 1

E = j60 e cos cosO (A-312)
r 1 sin2 S

-jkr 1

E = j60 e sin_ S (A-313)
0 r1  sin 2

where
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jky csce" cosW"
N ir

S Z I e cos (kI cos*) - cos kIe i-1 mi .c i il
(A-314)

-j2kH cose -j2kH cose 2 2
i i n- sinex - e + (1-R) e F

v e 2
n cose

x [si2@ 2- s n2e@

(sin - 2 cose)
n

jky csce"cas*"

S Z I e cos (k cosp) - cos ki
* i=1 mi i

(A-315)

-j2kH cose -j2kH cose]

x 1 +Re 
+ (1-R) F e

h h m

Ibi (A-316)
mi sin ki.

The directive gain of the array is given by:

120 2co Cos2e IS 2 + sin2  Is I2

12 R 4 (A-317)
gd Rin sin4V

Calculation of the input impedance over lossy ground is extremely difficult.

The main problem is the determination of the dipole feed-point currents

accounting for the effects of lossy ground. Ebllowing Reference 8, two

different types of ground will be considered separately.

a. Ebr ground with relatively low conductivity, such as sea ice, polar

ice cap, or poor ground, the presence of the ground will be ignored for the

purpose of determining the dipole feed-point currents. 7he poor ground is not

likely to have a substantial effect on the current distribution. 1hen

calculating the input impedance, the imperfect ground effect is taken into

214

* ** . *..<



ESD-TR-80-102 Appendix A

account by adding necessary terms pertaining to the horizontally polarized

reflection coefficient.

b. Rr ground with relatively high conductivity, such as sea water or

fresh water, the feed-point currents are determined as if the antenna were

above a perfectly conducting ground using N to account for the imperfect

ground.

Case 1 (Ground with Relatively Low Conductivity)

The matrix of dipole feed-point currents is given by:

[IaI = { [U] + [Yf] [Za) I [I] (A-318)

where

[U] = N X N unit maxtrix

(I = [I 0 0 . . . 0] T

(The current source at the feed point of the shortest dipole is normalized to

unity.)

(Za] = open-circuit antenna-impedance matrix given by:

Z11a Z12a ZINa

Z2 1a Z 22a . 2Na

[ I :.(A - 3 19 )Za .

ZNia ZN2a . NNa
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The main-diagonal terms represent the self-impedance of the dipoles, which can

be calculated by Equation A-289. The off-diagonal elements represent the

mutual impedances between dipoles. These mutual impedances can be calculated

by Equation A-290 with:

d d.

ij n=i n

The response voltages appearing at the dipole feed points are found by:

IVa ] = [z a  [II (A-320)

The input impedance Zin of the entire array is numerically equal to the

voltage V, across the feed point since the input current has been assumed to

be unity. Including the effects of lossy ground:

Z = V Z I + Z I . .... + Z I
in 1 11a la 12a 2a INa Na

(A-321)

Z I = R + jX X

h 1 11 (N+i)a ia in in

where

k -k 2

R 2  (R with = 0) (A-322)
k +k (h ith2

2
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z 1(N +- i) a ' pen-circuit mutual impedance between the first (shortest)

dipole and the image of the i th dipole.

The mutual impedance can be calculated from Equation A-290 with:

dij 4 H + CZ d )+ 4H ( jZ d ) cos6", d = 0 (A-323)
n=1 n n=1 n0

EYf I short-circuit admittance matrix (N X N) associated with the trans-

mission line feeding the array

Y lf Y12f0..............0

Y21f Y22f Y23f0 ......... 0

f Y

(N-i )Nf

. .. .. . . Y(N-i )Nf YNNf

where

Y -if jY 0cot kd 1(A-325)

"2f -- jYo (cot kd, + cot kd 2) (A-326)

Y (N-1) =N1) - jY 0(cot kd N- +cot kd N- (A-327)
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YNNf = T- j Y0 cot kdNi (A-328)

cos kdN + jY ZT sin kdN
YT = Y N .( A-329 )
T o Y ZT cos kdN + j sin kdN

Y12 = Y = -j Y  csc kd (A-330)

Y = Y j Y  csc kd 2  (A-331)

Y(N-1)Nf YN(N-I)f = -j Y csc kdN-1  (A-332)

Yo = characteristic admittance of the transmission line

ZT = termination impedance connected to the last (longest) dipole at a

distance d n = In/2.

Case 2 (Ground with Relatively High OCnductivity)

The dipole feed-point current in this case is given by:

(Ia = {U] + yfI Z + YfI [Z a]I- I]

where

[z 1(N41)a z (bi+2)a . I (2N)a'

[Z a' = Z2(N+1)a Z2(N+2)a . . Z2(2N)a (A-334)

S ZN(N+)a ZN(N+ 2 )a " "ZN(2N)]
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(Zat] = open-circuit mutual-impedance matrix between the real dipoles

and their images

Zi(N + j)a = open-circuit mutual-impedance between the ith real element

and the image of the jth element.

All the mutual impedances can be calculated by Equation A-290 with

d = 4 (H + y cote") + T d
in i n

(A-335)
c o t e " ( 19 I ,] 1 / 2+ 4 (H + Yi cote") d ) cos6'

Ij -1 n I /

Wth the dipole feed-point currents determined, the input impedance is given

by:

Z" = V =Z I , + Z I + .... + Z I
in 1 11a la 12a 2a iNa Na

+ R Z I + z + +. z I.
h [(N+1)a la 1(N+2)a 2a s(2N)a Na -

N (A-336)
= E (Z + R ' Z II = R + j X

i=1 lia h 1(N+i)a ia in in

The radiation vectors are given by:

2 I cos (kI cos*) - cos kk jky csc6" cos*"

N = -cose cosO e

e i=1 k 2
sin i (A-337)
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2 1 cos (k2k cos*) -cos Ud jky csc6" cosWl"
mi i i i

N sin4 e (A-338)
** k 2

ejkr
E Of j3Ok r N 6(A-339)

E j30k ke N~ (A-340)

The attenuation relative to free space is:

Ae IsfI o 2E o + 2 s 2 (A-341)

where

jky cscO" cos4*"

S i 1 1 ie [cos (ki cos*) -cos kk(A-342)

The electric field intensities in the diffraction region are:

a 60 27jd Coac (Sf) (2 Fr (A-343)

j6 jd sin 2 *

E 16= jk i (S )(2 F )(A-344)d.in2 f r
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VERTICALLY POLARIZED LOG-PERIODIC DIPOLE ARRAY

The lengths of the dipole elements are related by:

n T; n = 1, 2, ... , N- ; 0 < T < 1 (A-345)

The spacing between the dipole elements is related to the element lengths by:

d
n 1- Tn = ( A-346 )
Xn+I sin (a2 + a ) - tan a3 cos (a 2 + a 3

The angles al, ai2 , and ci3 are related by:

sin I sin 2
co=i+i+i oc ( A-347 )

Cos (aI + a2 + a3 )  Cos a3

The height of the center of the ith element above ground is determined by:

tan (a2 + i3 )H. 2 3 A34
I i tan (cI + a2 + 3 ) - tan (a 2 + a )

Since the dipole elements are parallel to the Z-axis, only the e-component of

the field exists. The final expression for the electric field strength is:

-jkr1  +

E j60 e A12 JB 1 2  (A-349)e r, sine

and
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E0 0 (A-350)

where

Ib jkH cose

A + jB 1 e os (k cos6)- cos k12 12 i=1 sin k2. i i
i (A-351)

-j2kH case L

x e + (1-R ) (sin2  n- V * n2 cos) e-j2kH icos
v 2

n

-P e jky i sec (a2 + a3 ) cosWp
X [1-j e V e sin28 erfc (jV/e)] e

cos*' = cose sin (a 2 + a 3) + sine cos (a2 + a 3) sino (A%-352)

Yi = y-coordinate of the feed-point of the ith dipole.

= angle between the far-field point (e, ) and the array axis
WT iT2e af 2 a 3"

The short-circuit admittance matrix for the transmission line is given by

Equation A-324.

The elements of the open-circuit impedance matrix for the dipoles are given

by:
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Z11a Z12a ..... ZINa
Z 21a Z22a . 2Na

[Z a = (A-353)

ZNl a ZN2 a . NNa

The mutual impedances, when two dipoles are either arranged in echelon or

collinear as shown in Figure A-2 are as follows. 4 1 The diagonal elements are

found by Equation A-20.

For echelon arrangement:

30 -jk (Z.-h..)

ija cos k(X. - 2.) - cos k(I. + E.) 0 - K(U1- ) 1 J

(A-354)
jk(£..-h. .) -jk(2..+h. .)

+ e I 1) [K(V )-K(V 1)] + e 1 ij [K(U o)-(K(U2

jk(t.+h -jk(£.-29..-h. )I ij ) 3 ij
+ e i [ 0K(V)-K(V 2)] + e [-K(U 1 )+K(U3)]

-jk().-2X.-h..) -jk(..+2Y..+h.. )
+ e 1 1 13 [-K(V 1 )+K(V3 )] + e 1 13 [K(U2)+K(U4

jk (Li+2±j+hi) -jkhij

+ e [-K(V 2)+K(V 4)] + 2 coski, e [K(W 2)-K(W1 )]

j khij -J k(2Lj+hi..)
+ 2 coskl, e [K(Y 2)-K(Y )] + 2 coskI , e h (K(W )-K(W3)]11 12 3

jk(22 i + hij)

+ 2 cosk i e [ j [K(Y 2 ) - K(Y3 ) ] }

4 1King, H.E., "Mutual fmpedance of Unequal Length Antennas in Echelon,"
IRE Trans. Antennas and Propagation, Vol. AP-5, No. 3, pp. 306-313, 1957.
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2tj. 2 I _ 2j

a) COLLINEAR b) ECHELON
ARRANGEMENT ARRANGE MENT

Figure A-2. Two parallel dipoles of arbitrary lengths.
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Rbr collinear arrangement:

Z.. 3 e jk(I -h. .) EK(U )-K(U)

ia cos k (I ..- X.) - cos k 02~ ~o

* eJ In [h . . 2..I
jk (1..+h..) -jk(...4h. h.. + 2.. + 1

* e 1 ) K(V ol)-K(V ] + e 1i 2n 11  3

-jk(2..-21 -h.1 jk(X..-21..-h. .) rh..-..+t.
1 e ( i -K(U )+K(U )J+ e 1n . 1) 1 I

1 3 [hij -1 .+21 .]

jk(2t..+22..+h. .)-jk (I..+2k.+h. rh...-.+,+2..1
*e(-K(V 2 I+KV +e In+L+2.

j kh.. -jkh.. h 1.
* 2 coskl.. e ij [-K(Y )+K(Y )]+ 2 coskl.. e In 1

11 2 h hij + 9j

jk(22..+h. .)4
* 2 cosk.. e ~ ) [K(Y )-K(Y )

12 3

-jk(2. Ah.. Fh. .4-2Y. (A-355)
* 2coskt, e 2.j n 1] 1

where

V = k ( Vd 72 Y ) 2_(h -. )

j ii i ii -

u k[C Vd 2 + (hi -2. I (hi +L it

0 j i i ij 1
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v 0 = C [c ij2 + (hij + i) 2 + (hij + Xi
/2 )2+(h -£+j)

U, = k C[ ij2 + (h ij - z£i + I +( ij -Ii+

VU = k [ id + (hij - X. + I..) 2 (h.. - X. + X.)]1 i 1 j i i j

U2 = k [ /ij2 + (hij + .i + .1)2 _ (h ij + Ii + X

V2  = kc [ i92 + (h. + I. + .. ) 2 + (h.. + 2. + X.)]

2J 3.] 3 J 1 ) . J
= k 2 + (h-+ (hj - + 2

U3  k [ i d 1 + (. .2.9))

V 3 k [ i92 + (hij 2. i + 2. )2 - (hi9 -2i + 2X)]

U4  = k [ I dij + (hij + X.i + 21..)2 - (hi9 + I i + 21j)]

.d .2 + (h. + 2 X)

V4  = k C di9 + (hijh .+ h +223.) i j

Y, = k [ /d ij 2 + h ij2, + hij ]I
W2 = kc v/d j 2 + (hj + 2 + 22.) + I 24I =k[ dij 19 hiD ] 3.

W2  = k [ ij (7 ~ hij+£) hD+£)

Y2 k [ Vdij2 + (hij + i)2 + (hij + Ij)

W3  = k C f dij + (hij + 2 1) 2 . (hij + 2 .)]

22
Y 3 k [ ij + (hij +  2 £1) + (hij + 2 +) ]

djj is the perpendicular distance between the two dipoles, and hij is the

distance measured from the feed point of the ith dipole to the nearest end of

the jth dipole.
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The mutual impedances between the ith and jth real elements Zija is calculated

from Equation A-354 with:

d = ( d)cos (a + a) (A-357)
ij n=i n 2 3

h = ( d)sin (a + )-t (A-358)
i9 n=i n 2 3 j

RFr the typical element Zi(N + j)a in Equation A-334, Equation A-354 is used

when i * j with the same dij as Equation A-357, and hij = Hj + Hi - £j. When

i - j, Equation A-355 is used with hij = 2Hi - 2i.

The feed-point currents are determined by Equation A-318 if the free-space

approximation is applied.

The input impedance for the free-space approximation is found by:

Z = (Z +RZ I = R + j X (A-359)
in I 1 la v 1(N+i)a ia in in

where

k2 - kR = (R with =0) (A-360)
v k2 + k v

Pbr the perfect-ground approximation, Equation A-333 is used.

Tne input impedance for the perfect-ground approximation is found by:

Z (Z + R Z II R A +j X (A-361)
in i 1 la v I(N+i)a ia in in
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The expression for the directive gain for the vertically polarized log-

periodic dipole array becomes:

120 12 12
gd = R. 2 (A-362)

in sin a

where Rin is given by Equation A-359 for the free-space approximation, and by

Equation A-361 for the perfect-ground approximation. A1 2 + jB12 is given by

Equation A-351.

The radiation vector is given by:

2 I cos (k cosO) - cos ki jky sec(a + a ) cos*<
b= bi i i i 2 3N = e

8 i=1 sin ki sin e
i (A-363)

The free-space field intensity is given by:

- jkr 1 I cos (k cosO) - cos kX
j60 e bi i i

Of r i=1 sin kI sine
I i

jky sec (a + a ) cos*'i 2 3
x e

The attenuation relative to free-space is:

I 1
A - - I (A-365)
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1
ADB = 20 log (A-366)

JAI

The electric field intensity in the diffraction region is found by:

e-jkd

E j3Ok d (N ) (2 F ) (A-367)

E =0 (A-368)

CURTAIN ARRAY

Pbr a curtain array:

Z = height of the lowest element above ground

Zi = height of the ith element on each bay

Z i-Zi_ = vertical spacing of elements

Y i = horizontal position of the (i + n) th bay, Yo = 0

Yi-Yi_1 = horizontal spacing of bays (bay separation)

N = number of bays

M = number of elements in each bay

X, = reflector spacing

- half-length of element.

The field components produced by the first bay are:

E = -j60 I e-jkr cos (k cos*) - cos kX sino (A + JB (A-369)m r sin2 13  13
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E 0 = j60 Im  kr cos (k cosi) - COB k. c0s0 (A14 + jB14) (A-370)

where r is the distance between (Y, Z) (0, 0) and the far-field point.

jkZ (cosO - cose ) -j2kZ cose
Mi 0,

A +jB Z C e Icose (1-R e (A-371)
13 13 i=1 i| v

2 2 2 2 -j2kZ cose

n- sin e 2 n- sine i
+ (1-R) F (sin 9 -cs) eIv e 2 2

n n
jkZ (cose-cose) -j2kZ cose

M 0 a i
A +jB Z C e [14 14 i=1 i

(A-372)

-j2kZ cose

+ (1-R ) F e
h m

cos = n sine sino

Ci represents the relative amplitude excitation of the i
th dipole with C1 = 1,

and e0 is the desired position of the beam maximum.

The array factor for N bays is:

jky sine (sink- sine
N n-1 0

S Z £ e (A-373)
y n-1

where 0o determines the position of the beam maximum in an azimuthal surface

assuming that the amplitude excitations for corresponding elements in each bay

are the same.
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The array factor resulting from the arrays of the real elements and their

images with respect to the screen at x = -xj is:

-j2kX1 cos* -jkX cos* X
S - 1-e = 2j e 1 sin (kX1 cos'x) (A-374)

where cos~x = sin 8 cos .

The total field components become:

E ,t = E8 1 S S (A-375)8,tx y

E ,t  = E 0 S S (A-376)

*ix y

The input resistance of individual elements can be expressed as:

R.n = in( )
R. = Re ( ), i = 1,2,..., M; n = 1,2,...,N (A-377)

1 i

Wiere Zin representing the input impedance looking into the ith element

of the nth bay can be calculated by considering the following four groups:

First group - open-circuit self or mutual impedances among the real elements
nN

themselves. Rr example, Z is the mutual impedance between
iM

the ith element of the nth bay and the Mth element of the Nth

bay, and is the self-impedance of the ith element of thebayand ii

nth bay.
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Second group -open-circuit mutual impedances between the real elements and

their imperfect images under the ground. Ibr example Z nN is
imp

the mutual impedance between the ith element of the nth bay

and the imperfect image of the Mhelement of the thbay.

Third group - open-circuit mutual impedances between the real elements and

their perfect images with respect to the vertical conducting

screen.

Iburth group -Open-circuit mutual impedances between the real elements and

the imperfect images of the perfect images behind the vertical

conducting screen.
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Z n n1 ni . ..... Zn zin1
I ii i2 ii iM

n2 Zn2 n2 n2
i i2 .. +. iM First Group

+Znn + nn ....... .nn nn
ii + i2 .... ..... +ZiM
nN nN nN niN 1

+ Z. + Z 2 +..... ... Z .+ ....... . Z
ii i2 ii iN
+ nI + Znl + n1 +iip, n' ..12.Z Znpim

+ nn " n + nnn nn
+ il p  + z i2 p  . .. . + . lip ..... . iMP

.i.p. . . Second Group
nN nN nN nN

+ Z +Z + .... ..... +z. +. ..... +Z n N

ilP i2P lip iMP/
- z n1 + z n1 ....... znl nl

i2d + id i. "
+z ++Znn +Znn . ...... Znn . ...... ZnnTh r Gou

ild i2d iid iT r
+..............

nN nN . nN nN
ild i2d Lid im

. . .... .. .. . .Z

Sznn + Z n. . . . ..... .... nn nG

i tt i2t .it it
+~ + +........... + +........... + zi~ut ru

nN nN nN + nN(A38
nN Z nNzilt +Z i2 t . .. . .. . Zn +i .. . .. .+ m (A-378)

iti~ it iMtJ

The total power supplied to the entire system when all the elements are of

equal length 2A is:
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W = 
2 {R + C22 R + .*... + C 2 R

in m 1 2 2 m m

+ R +C R +C 2........... Cm2 Rm2 (A-379)

N 2 N 2 N 2
+ R + C R +. .. ..... +C R I sin kk

2 2 2 n m

= III sin k C R (C =1)
m n=1 i i 1

Ci  = 1 unless otherwise indicated.

The directive gain for the curtain array is:

480 IS12i 1 sin 2(A 13 2+ B132 )+cos 2 (A14 2+ B14 2

g d yI x11 311 4 ( A -3 8 0 )
sn2 kX 2 R. n

sin k9. C 2 R A30n=1 i=1 i 1

[cos (kk cos*) - cos kil]2

4
sin4

The free-space field intensities are:

-jkr
j60 I e '

E cos (k cos*) - cos kX
E = - sin# cos6

Of r 2
sin

(A-381)

jkZ (cose - cos)

x C e ] S S

x234
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ESD-TR-80-102 -jkr Appendix Aj60 I em cos (ki cos*) - cos kIE cos *
Ef r 2

sin
(A-382)

jkZ (cose - cos8 )

x C e ) S S
i= 0

The attenuation relative to free space is:

/IEetl 2 + IE t I

A (A-383)lIo l + IE, fl

The electric field intensities in the diffraction region are:

-jkd
j60 I e

m cos (kX cos*) - cos k£
E = - sine cos@e d 2

sin

(A-384)

jkZ (cose - cos)
M 1 o

x C e ]S S 2F
i x y ri= 1

-j kd
j60 I 

e

m cos (k cos*) - cos kI
E = cos

d 2
sin

(A-385)

jkZ (cose - cosO
M i o

x E C e ]S S 2F
i x y r

i=1
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SIOPING DOUBLE RHOMBOID

Rbr the sloping double rhomboid:

a =angle between the principal antenna axis and the major rhomboid

axis, in degrees

8=angle between the major rhomboid axis and the long leg, in degrees

y =angle between the major rhomboid axis and the short leg, in degrees

1 short leg length

22= long leg length

H 1  =feed height

H 4  =termination height

a'- angle subtended between the wires and the horizontal plane, in

degrees

L = X2 Cos (0 + a) +i 2 cos (a + Y) (A-386)

cota = X. cos (a + y) + 12. Cos (a + 8)-87
cot 4 H -H1

Fbr wire 1:

e'= 0' - a', * (v/2) + a +y

C0s411 = cosO cos ((wr/2) - a') + sine sin ((un/2) -a') cos ( -(ir/2)-a-y)

=cose sina' + sine cosa' sin (-a-y) (A-388)

Ebr wire 2:

0' (ir/2) - a', =(?r/2) + a +8

cosiP2  cose sina' + sine cosa' sin 4~-a-0) (A-389)
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Pr wire 3:

6' = (w/2) -ac, = (w/2) -(a+B)

cos 3  = cos8 sina' + sine cosa' sin ( +a+a) (A-390)

For wire 4:

6' = (O/2) - a', * (r/2) - (a+y)

cos 4  = cose sina' + sine cosa' sin (0 + a + y) (A-391)

The height of the current element above ground for wires 1, 2, 3, and 4 is:

Hs  = H1 + s sin a' (A-392)

Pbr wires 6 and 7, it is:

Hs  - H2 + s sin ' (A-393)

Fbr wires 5 and 8, it is:

Hs  = H3 + s sin a' (A-394)

The current distributions on the wires are given by:

I (s) - -I e7 j k s  (A-395)

3 m
1 3(S) = I m e - j k s  (A-396)

- jks -JkX 2
I8(s) = I e e First Rhomboid (A-397)

8jks-J e

I(s) - - eks e (A-398)
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-jks
12(s) = -Im e(A-399)

14(s) = Im e- ks (A-400)

-(s) I e jks e-Jk'1 Second Rhomboid (A-401)7 m

-jks -jk2(I5(s) = -Im e e 2 (A-402)

where

H 2 = 1 + X.1 cos (a+y) tan a' (A-403)

H = H 1 + .2 Cos (a+y) tan a' (A-404)

The field components are:

E 3 0 1 ejkr cosa' cose sin (--y) 
[ u I

-jkm4r [U 1 (A-405)

-j2kH1 cos9 1 -jk.IuI
-R e

V 1

- j2k H case Vn 2 sin2e 2 2 - i n2O 1 k t Iu

+ (1-R ) F e (sin e cosO) j
v e n2 * a en2 1

I 1e-JkI1UI -j2kHI cse 1-e- jk  U 1
sina' sine 1- + R e

-j2kff case
+ (1-R ) F e 1

v e

-e -JklU 1  (sin2  - n2 -sin2 co)
U 1  n 2
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E -30 1m e jkr {oa cose si (O+a+O) [~~~U

-j2kH 1cage jkt 2 3 ' (A-406)

V U3~

-j2kH Cose VZn2e
+ (1-R ) Fe 2 n-i (sin 2e

ni case

n 2sin cose) 1-e

u 3] u3

-jk~ U Ari 2 3' (sinH case o

+ sin sin kre -jke 1 u 1-oacs~i (-- )je ,

I-[ uJl1u, -~ 3 v

-jkl u
-j2kH case 23 2 2

+ (1-R) Fee 3 (- nsin in 2 cae

30ITs n6' e os +jLU {sacasin(.c)[~~~~U A47n r

- j2kH case k1u,

+ (1-R) Fee UI-(i 2 ( n sin6 cs
e ucns2

n COSO + sie2si9
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-jkr -jkX U I 2-e
E86 30 I m  r e cosa' cosa sin (O+a+B) I U

-jkl U (A-408)
1-e -  2 3 -j2kH 2 cosa- e 2 1-

x F e -j2kH 2oso 1-eJk 2 U3 -n
2 -sin2 O (sin2 6

e U3' n 2Cosa

xFsi e 6 [I (in

n2  U 3

- JkX2 U3' - j2kH Cosa j2kH Cosa j "Jk 2 U3'
1-e Rve 2 + (1-R )  Fe 2 1-e

-30 I 1erkr I U 4 -J4= x-- , (sin 2Osin c sin ) 1-eE-1ejkr U-sa 23asn(~~)1e jl141e kEl4

E64 m r I U4  U 4'

-2 3Cosa cs -~H~o8 jk

x R e 1OS (I-R v F (A-409)

xe-j2kH1 Cosa 1-e- Jk£t174' n2_ sin 2 (sin 2 824' 
n2 Cos

T9JkX 1U4 - JkX U4
xn-sin Cosa) + sine] sine1-e +-e

2 2
U4 U4_

-j2kHICosa J~cH IcCos -e 1U4 2
x R •e + (1-R) F e (sin28

xen 
(sinCos

vv'-sn+ s•c U4_____ -kLU

- 2[
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E = 30 1m ejkr --jkl 1U4  cosa'cosesin(-a-8) 1-ejkX 2 t 2

-jkl U -(A-410)

1-e 2 2 -j2kH 2cose
-- R e + (1-R ) F

-j2kH 2cose -e-jk222U2  n2 2 sin2e (sin2e2 2- s n

U2 ' n cose

-. -jkX~
2 ] - 2iU2  -Jk£ 2U2'n2sine cos) + sinae sin8 1-e + 1-e

n2 u2  U2"

-j2kH cos9 -j2kH2 os 1_e-J U 2

x R e + (1-Rv ) F e (sin2vv e U 2 '

n2- c sina2) se)]

n 2H

-jkr -jk2 U [ 4
E 30 1m e e 22 cost cosO sin ( +a+y) 1-e

-jk2 m r IC (A-411)

I- j 1 u4 ' -j2kH 3 cose (- - R e + (1-R) F
U 4 "  v v e

-j2kH 3 c se 1-e 1L4 n2 sin 2 n2-sin2
xe2 ( si n 2 6 " coseUc' n cos n2

1-e1 k U 4  1-e- k IU4' "j2kH 3 cse
3 sin sine 2 + n-si x R eL 4 U4 cae v

-j2kH3 cse 1-e 22U4' 2 6 1
+(1-R) F e (sincs -sin Je

+ e 74' n2
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E 01 e-jkr Coa oasnI- Jkl 2 U2

e2 m0 Ic cose sin U2
1 -j k£2 u2e -j2kH 1cosa (A-412)

Se +(1-R)F

7 v v e

2 2
-j2kH Coa 2 2- 2 2 11 s n sin 2- se-ex e 2 (sine 2i Coae

2U2  + U2

-sina sinO [-e-j2U + I-e 22

-j2kH1 cos8 - j2kH cose -Jk%2 U2  2
x Rve + (1-R v) F e (sin2a

" 2 cose)]

n

E = 301 ejk r  [I -jk. 1 u I-e k 1-u I
" E I -30 m  -- - cor Co s ( -a -y ) + U - I

c05 U 1  + 1

-j2kHlcSe j2kH case -JkL1 U 1  (A-413)
X R e + (1-R F1-e

3h + U

r 30 1~ -jr [oa1os(~~) kL 1-e U3+ -e u 3

(A-414)

x R e + (l-Rh) F e 1 I C - ]
hm 

U3

EK8  30 T e*Jkr e-jkl 2U3  Cosa' Cos (0--y) 1 1 -Jk 1
0 8 m e o-rc s ( +

L UI U I

-J2kH 3cos -j2kH 3cosa -e-j k. 1 1uxkPhe• + (1-Rh ) F eI

h in
1 J(A-415)

242



ESD-TR-80-102 Appendix A

Ee3 I-J -jktk£U I 2 3 (A-416)
E6= -30 1 - e Cosa' Cos ( +e)

m r U3

-jkt U -jkX 2
- j 3+ -j2kH2 cose -j2kH2 cos 1-e 23
+ 3 e + (1-R h ) F e

u 3h m U 3 '

-j kr 1- - k2U

E __-30 1 e cosa' cos ( -a-8) 1-- (A-417)
E02 = -0m r u 2

-Jkl2 U2 -j2kH1 case -j2kH1cose 1-e-jk 2 2U2
+ Rhe + (1-Rh) F e

2 m U2 '

-jkr -jk 1 U4
E 4 30 Ie cosa' (O++y) 1e

30 m r I U4

-jk£ -
(A-418)

-e -1U4 -j2kH 1cose+ 1-e4.' R h e 1

+ (1-R ) F -j2kH 1 Cose 1-e IU4

h m u4

-jkr -jkl 1 -J k'2U2
E - 30 1m  - e cosa' cos(O-a-0)
E,7  -30 r 14 l)2U

-Jk2 U - (A-419)

1 -e U 2 22 -j2kH 2 Cose
+ U2  R e

u h

22
+ (1-R h Fm -jkH 2 cose 1-e -Jk 22u 2'
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-301 e cosa' cos ( +a+y) e

m r [ U4 (4

1-e'jkt 1 U4 ' -j2kH case (A-420)
U-+ 3+ Rh e

U h
-jki IU4

(l-Rh) F -j2kH 3cose 1-e 1 U4j

cos* 1  = -cose sina' + sine Cosa' sin ( -a-y) (A-421)

cos* 2  = -cos sin + sine cosa' sin (%-e-8) (A-422)

cos* 3  -cos sin " + sine Cosa' sin (O+u+8) (A-423)

cos*4 ' = -cose sina' + sine cosa' sin (O+a+y) (A-424)

U i  = 1-cosi, i = 1,2,3,4 (A-425)

Eli - cos*ii, i-I, 2, 3, 4 (A-426)

The total fields are:

8
E - E E (A-427)e eii-

8
E - E E (A-428)

i1

244)



ESD-TR-80-102 Appendix A

The expression for directive gain is:

r2 (JE1 2 + IE 12)

gd = 2 (A-429)d120 1 R,
m in

Since the two rhombics are connected in parallel, the total input current is

2 1 e-Iks, and Rin may be taken as -- = 300.
in 2

The radiation vectors are given by:

Im 1-ejk1 1

N 6 = jk U 1  [cosa' cose sin (4-a-y) - sini sine] (A-430)

61 jk U1  2
N I -Jk£ 2 U2

Ne m 1-e (cosa' cose sin (0-a-0) - sina sine] (A-431)
62 jk U 2

I -Jk2£2U3m 1-e
Nm3 1-e-jk U3  [-cosz cose sin (0+a+8) - sine' sine] (A-432)

I3-Jk£ 1 U4

N m le U4  [-cosa' cose sin (4+a+y) - sine" sine] (A-433)84 jk U 4

m 1-e - jkl 1 U4  -jkl 2U2  [cosa' cos6 sin ( ++y)
Ne5 jk - sine sine] (A-434)

NI m 1-eJk2U3 -Jkl 1 U1 [cosa' cos6 sin (+au+y) (A-435)
66 jk U 3  - sins' sine]

'm JkL2U2  -jki.U

NIm -e 2U4 -cosa' cose sin (--) (A-436)
67 jk U2  + sinae sine]
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m 1-e-jk. 1 (-Jk2U3 [-cos' cosO sin (--y(A-437)

N O 1- -j 2 .2 J eA 4

Nk U + sina sine]

-8ik -JU 1

m1-e jk osU1  cos (4-cz-y) (A-438)-~ 1

-jk. jU(

in 1-e c s c s ( - - )(A-439)

N m1eCosa' Cos -- )

01 jk U2

Nm -e cosa- cos ( + +0) (A-440)
3 jk U3

I -Jkd 1U4N1-e cosct2 Cos Cos (A-441)

N#4 jk U4  cs o e7

- jkX 1U4  -JkA2U2
Nme cosc cos (C+o+y) (A-442)

NO jk U4

-eJ k2I2U3 -jk 1U1
3m 1-e e cost cos (A-443)

-Jk 2 U2 -jk
Im 1-e e cos3 osu cos (a -) (A-444)N 7 jk U2

-Jiek£1U1 -JkL2U3 (A45
1-e-'l2u2-k (A-444)

e cosai cos (@-a-B)

jk U1
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7he total radiation vectors are:

8
N = Z N (A-446)

e i=1 e1

8
N = N (A-447)

i= 01

The free-space field intensities are given by:

J30ke-jkr N (A-448)E~f r r

30ke-jkr

Ef= r N 0  (A-449)

The attenuation relative to free space is:

/Ee2 + 1E,2

A = (A-450)V ef2 + l E l

and

ADB - 20 log10 1 (A-451)

The electric field intensities in the diffraction region are:

E 3
0 ke-jkd

E . d (Ne) (2 F) (A-452)
d r

E0  . J30ke'jkd (N ) (2 F (A-453)

0d r
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APPENDIX B

INTEGRALS ENCOUNTERED IN VERTICAL-MONOPOLE CALCULATIONS

In this appendix, the following integral, encountered in vertical-

monopole calculations, is evaluated:

£ -jkZ case

f X e sin k(Z-Z) j V -- exp (-P ) erfc (jV-)dZ (B-i)

3 0 e e e

From King (see Reference 27, pp. 757-758):

-RLv exp P e )  erfc (j -- =- ) = k -Vn - sin2 Jo e g(B-2)

where z' is a variable introduced by Van der Pol (see Reference 17).

and:

g (n2 CSe + Vnn2e ) Z' + n4Z 2  sin B-3)

rr 2r r

From Equations B-i and B-2:

£ -jkZcose 2kn 2-sin2 0 -jkg
J f sin k(-z) e Jf e dZ- dZ (B-4)
3 0 I-R 0

V
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where

coe h h +z
cos8 = -and case

/2 2 -ik + z
3 2k V sn f -e r r/ sin k(R-Z)

(B-5)j-jk (,n2 4 ,!2 .21
exp[ IZ r Zn-, + 2rsiZ dZ' dZ

Changing the order of integration:

2 2 2 2 2

2kj -sn= f cc f X e -kZsin k(ZE-Z) dZ e (aZ i +z)dZ'
3 1 -R 0 0

(B-6)

where

b h+n2
r r (B-7)

a -jk- n(-8)
2r
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1 2 bZ 1 jk ki

e sin k(2.-Z) dZ = [e + jb sin k1 - cos k (B-10)
0 2

k (1-b)

Neglecting b2 since b
2 < < 1 gives:

f e sin k(Z-Z) dZ = - + jb sin k1 - cos k(-11)

0 k

Substituting Equation B-i into B-6 gives:

2 2
2k n-sin e -kbe

J = - e + jb sin kX - cos kk

3 1-R 0 k L
v

(B-12)

2 2 2
exp (a Z' sin 6 + 8Z') dZ'

2 n2-sin20 -jktcosOe J + (jsin kk cosO - cos kX) J
31-R 3132

(B-13)
2

+ j sin kJr J33

where

!, J = 2 2 exp Z sine+ 8 zj dw (B-14)

f ex a @i + z" dlZ-- j 'exp(-w )erfc(jV )

31 02 1 2csin6 1 1
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e a in o I .z n  = -2osino -j e- erfc (j) (B-15)32 ~ 0 p sin 8nd

= Z' exp actZ2 sin 6 + az'J dZ

~(B)-16)

2 .12 (1'j VI;r-7 W erf c (j
2a sin 0

and

2 [2
8 2-jk -= -jk (h+t) + - sin 26 (B-17)

r r

1 kr + 2(B-18)

WI 4a2 sin2 2 sin26 n2

82 jkr r n2hi 2

W 2 22 + n2 (B-19)
4a2 sin 2 2 sin26 n 2
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Substituting Equations B-14, B-15, and B-16 into B-13 yields:

[e-'in k~cose j2wrr fl 1
= 1-R 2 e erfc (j V'w1) + (jsin k~cos6 - cos k£)

v n sine

1 "2,ff r -W n2sinkX j2r -Werf c( {w +1f-jw e-Werfc( j W-)
n2sine k r n4 k sin2

V2 2 -jkcs W
in _ 2wr 1n: e k e erfc(j,); + (jsin kk cose-cos kX)(Rsine V sine

kr -w + j2sin kx k e erfc(j Vw) k sin2  {-j V e erfc (jv)I]

(B-20)

Since W, = W = Pe

n t - ( B-21 )

= 2 j27rr e e erfc(j
n (1-Rk

{cos(ktcosO) - coskt} -j (sin(ktcosO) - sin(ktcosO)} + e

sin 5 k sin2
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APPENDIX C

INTEGRALS ENCOUNTERED IN VERTICAL-DIPOLE CALCULATIONS

In this appendix, the following two integrals encountered in elevated-

vertical-dipole calculations are evaluated:

Z -P C-)
o e

= f -jkZ cose sin k (Y-Z +Z) -j VG e erfc ( ) dZ
3 Z -1 e 0 e]

z +z -P
0 -jkZcose [ e

= f e sin k (£+Z -Z) j e erfc (i OT dZ (C-2)
e Z 0o e e I

The first parts of the integrals are straightforward. The second part of J3

is:

i Z -P
o -jkZcos6 e

J = f e sin k(£-Z +Z) j V -- e erfc (Jh--) dZ (C-3)
31 Z -1 0 e e

0

Fbllowing the same techniques as those used in APPENDIX B:

2k Vn-sin28 f: Z -JkbZ
31 1-R f j e sin k (X-Z +Z) dZ

v 0 (C-4)

exp (a 2Z2 sin 2 + 8Z'} dZ'
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where b, m2 , and 8 are given by Equations B-7, B-8, and B-9, respectively.

-jkb(Z -X) -jkbZ
Z 0 0
o -jkbZ e -e (coskX+jb sink£i

f e sin k(X-Z +Z) dZ =
Z £o 2

o k (1-b)

(C-5)

- - -e (coskI + jb sink2.
k

Substituting Equation 0-5 into C-4 yields:

. n2_sin2 -jkb(Z -X) -jkbZ
2 n-in 0 0

J = j ~f {e -e (coskL+jb sink ) }

31 1-R o
v

(C-6)
2 2 2

x exp {a Z' sin 6 + OZ' } dZ'

j nsin 26.e-ka0cs jk2cos6
31 i-R e-311

v (C-7)

2n
-(coski + jcosO sinkl) J - j - sinkI J

where

J - exp (a 2z 2sin2 6 + 82Z')dZ' -J e erfc (j 1 (C-8)
311 02 2asine 2)(
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f: exp (a 2Z 2sin 2 + 3Z-) dZ- = - 2ane e erfc (j ) (C-9)

31 2 2 2

f Z exp (a Z' sin 6 + 6 Z')dZ'
313 0 3

-1 3

1-j--( Tr e (h+%-2 (j VWT e
2 2 3 3

2a sin

2 n n 2 (_h+Zo - n)

2-jk = (Z(h)-jk + 2sin2 12r 0 1 r

2 [2 ( h+Zo I ]
0- = 8-k 2-- Z = -jk _ +n2-sin2 (C-12)

3r 
ro 2r

W j kr2  [zo-£ vn2-sin2 e
W2 2sin+8 2 sin2e (C-13)

3 4a 2 sin2e 2 sin2  [ (C-4)

7he second part of Equation C-2 is:
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z +£ -P
0 -jkZcos6 e

J - f e sink (X+Z -Z) j Jp- e erfc (JV--) dZ (C-15)
31 Z 0 e e

0

Rllowing the same procedure as that used to evaluate Bquation C-3:

2 /n2 -JkZoS8 -jkcos8

31 1-R e e J311
V (C-16)

2
- (coski-j cos6 sinkl) J + j a- sin k2J

r 313

where

-W
2 2 2 - 4

f exp (a Z' sin 6 + 8 Z') = -j e erfc (j W-) (C-17)
311 0 4 2asine 4

2 [n2(h+Z+ + 2 1
84 - 8jk - (Z +1) -jk +n sin 8 (C718)

4 r 0a

842 kr h+ +z 2_sin2 2

W4 4m2sin 2 sin28 - + ! n (C-19)
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-jkZcos6
J1+ J1 = 2 n2-sin26 J~

31 31 1-R
V 1 IC-20)

x J311 +  j J311' J312
I J

Since:

w - 5 w = p
W2 W3 4 = 3

and

311 311 312

2 Vn 2-si -jkZ cose

3 + 3 1 - e 3 [2 cos (k~cos6)-2 cosk131 31 I-R c1s1 [ ]
v

n2  2e -jkZ cose -P
2 nSine 0 e erfc (j 5) (cos(k.cose)

1-R asine e
v

(C-21)
-cos kl

+ 2 Vo2in2e e e erfc (j-) cos(ktcose)-cosk£
31 31 2 k e sinen O- Fi7tr VP esine

ii (l-R (C-22)
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-jkZ cos6
J3+J3 = k sin2 {cos(kcos6 )-coskZ}

-ekZos 8  V(C-23)

1-R 2 Kk
v n

x e ec(jos(kcos)- coskYxc e erfc (J ie) sn
Pe) sine

Equation C-23 can be simplified further to yield:

-jkZ cose
0

3 +  3k 2 a {cos(ktcosO)-cosk} - cosk}(k sin2e (C-24)

sine __sin2e j2r e erfcx 1-R. 2
v nl

-jkZ cosO
o2e cos(k~cosO ) - eosk£

k sin~e

e j 2 0
260



ESD-TR-80-102 Appendix D

APPENDIX D

FORMULAS FOR CALCULATING FIELD STRENGTH OVER SPHERICAL EARTH

WITHIN THE RADIO HORIZON

The formulas presented in APPENDIX A are for calculating field strength

and gain over planar earth and over spherical earth in the diffraction region

beyond the radio horizon. The formulas presented in this appendix are for

calculating field strength over spherical earth within the radio horizon.

Within the radio horizon, the effects of spherical earth are taken into

account by use of the divergence factor. Only the direct and ground-reflected

contributions to the fields are considered in this formulation, because the

surface wave is negligible when the feed points of the antennas are at least

several wavelengths above the surface of the earth.

The quantities in the following equations are described in Section 5 and

in APPENDIX A. The appropriate formulas for calculating directive gain from

the following equations are given in TABLE 2 of Section 5 which also provides

expressions for the radiation efficiency.

HORIZONTAL DIPOLE

cos(ktcos*)-cosk9 cos_ cos __Rd R ek-r (D-1
m  sin2 v div R r

j61cos(k+ a e-jkR r (D-2e

S j60 sin2 Rd div r(D-2)
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VERTICAL MONOPOLE

E [- j kRa A2 +jB 2  -jkRr A2 -jB2  (D-3)
23OI sine v div R sineE =j0 I [ d si@ ]D3

E =0 (D-4)

VERTICAL MONOPOLE WITH RADIAL-WIRE GROUJND SCREEN

Ea- 3kRd A 2 +__ 2 + R a -jkRr A2 -jB2
E[ej3 Im  JB2  I
o Sd  sine v R sine6 x (GSCF (D-5)

n sin@ k -e cosk] J (xsin6) dx

GSCF - - (D-6)
120w sinkl [cos (kL cose) - cosld]

E = 0 (D-7)
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ELEVATED VERTICAL DIPOLE

_jkR

E j60I cos(kt cose) - coskZ [e-kRd + R vdiv e (D-8)E j6 0 I sin8 [ d  v dv Rr

E =0 
(D-9)

INVERTED-L

E j30 I e + R ekRr A4 - jB4  (D-10)
E,v m Rd  sine v div Rr  sine

SV= 0 
CD-li)

A5+JBI case sin, - -d R~ -- e (D-12)
EO,h ="-3 m sin2 *  dd r

-jkRd -jkR 1
A5 oj9 Fe +l CD-di)

E ,h J30 1 m sin2h Rd + iv R
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ARBITRARILY TILTED DIPOLE

-jkRdE = -j6 I e cos(ko cos) cosk (cos' sino cosO - sine' sine)

m Rd sin2*
(D-14)

- jk R

-Rr cos(ki cos*) - cos kX (cos a' sino cos6 + sin e" sine)
v  div Rr  sin2

[e kRd

E j60 I cos c O cosd Cos (ki cos*) - cos kf
m I R d

-jk Rr (D-15)

e .___ cos (k cos* ) - cos k(

R 'hdiv R r sin2

SLOPING LONG-WIRE

-jkRde-kd A6 + j B6
E -j30 I m e Rd sin2 (COs a' sin cose - sine' sinO)

-JkR r(D-16)-kr A + j B

R _ - (cos a' sino cose - sin a' sine)v "div R r  sin2..

d A J B6 a r A i+ B
E J 30 I CO co OS' eoo62+R dv R T (D-17)sin r sin
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TERMINATED SLOPING-V

Ik d -jk2U I-jkRr
E 1 30 1I Co sa' cos e c o( - O ) [ ! R___1__v -d v

-j kXU' -Rd j k U 1
l -e U3 1  a I sine ~e - 1 -e (D-18)

-jkR r -ejkLU 
31

E -30 1 Cose 1-s e soa) k -- jt

[2 mR d 1 kU2

-jkR r -jktU 4  (-9

R v i e i r e U4 sinz sine

Rd 2v div R

e -jk2 1- -)kRU 3jZ

2 3 4

______ -c e265
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r- jkRd  -jkZU2

= 30 cosa' sin(o+a ) e d 1-e 2
E02 -3 m  Rd U2

-jkR r jkZU4  
(D-21)

e 1-
hadiv R U I

r U4 J

E 8 = E61 + E 2 (D-22)

E = E V + E0 2  (D-23)

TERMINATED SLOPING RHOMBIC

The total field ccmponents are gven by:

E = E61 + E62 + E 3 + E0 4  (D-24)

and

E = E0I + E 2 + E€3 + E 4 (D-25)

where Ee1 , E0 2, E,,, and E,2 are given by Equations D-18, D-19, D-20, and

D-21, respectively, and:
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jkLU 2  _____

E = 30 1 e U2____ cs cs0-' 1-e 1

m U1
-k e -jkR -jkU(-6

-jk 1 C0S e r -e kU 3]
-R a ev div R U

r3

+ sina Isine [ekR d 1-e-jkU 1

Rjk cos r 1 -

+ R a. e jkH1 CO6 e -kRr1e ,U

v div R

Ee 30 1 e -U1 cosao cose cos(0+68) 'k Rdl-e jX2

4mI L Rd u2 (D-27)
-jk 1CS e jkR r -- jk"U4 1

-R va div e R r U4 I

sinz sine -k d___ 1-e .2

-j2kH 1 Cose e-jkR r jI4

+R adi R r U

E = -30 1 e -j~2Cosa IsnOV k -- k

03 m t--R u 1(D-28)

+ lh a -J2kH 1 cose e jkR r 1e kYU 3]
+ di e R r 1 U3

267



ESD-TR-80-1 02 Appendix D

-jktU, [ekd jkLU 2
E 30 1 e 1cosa' sirj(O8)1-

4m IR l-
2

-j2kH 1cose e jRr 1-e- jk41 D-9

+ Rh 'die R U4

TERMINATED HORIZONTAL RHOMBIC

-jktU -k

E =6 30 1 m 1 case Cos (0-Y) [-eRd -R vadiv eRi (D-30)

1-jkIU2  -kRdejkR r
Ee -30 1 cose cos(o+y) ~e~ R a~d Rv (D-31)

E0  = 30 1 I-e jkJU I -jk2.U 2case cos( Y R [ak~ e di [kRr] (D-32)

63m U1  vR d
r

1-ei-kZU 2  -jkYU 1  [ekR d
E e4 301m u2 e case cos( ' [Rd

-jkR (D-33)

-R e
Rv adiv RJ
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E 30 1 1- -jkLU 1 si jikRd e~~](D-34)m u 1  R d Rh "d iv

-r£I -ikRd -k

E -30 1 1-eU2 sin (O+Y) [ + e div r (D-35)

pR

12e-k£U1 -jkU 2  R -kd Rr

E -30 I UI e sin (0-Y) e Rd

-3Rr] [ Rd (D-36)

+ Rh O'div

E4 = 30 I U2 e sin (O+y) U Rd

-jkR r 
(D-37)

+ Rh 'tdiv e R

4
E 4E E (D-38)S i=1 ei

4
E = E (D-39)
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SIDE-LOADED VERTICAL HALF-RHOMBIC

[I-s (-jkLU 1  e-jk-40

Ee = 30 I cosa' cose coso (F 1 + F2  e ) e Rd

-J I£U I -J+ F R (D-40)

-jkXU e-jkRr
v div (F2 F R

r

F - jkXU -jkRd -jklU2 e-jkR rlsine sne FI-F 2 e e__ + Rv ed F2-F e 2

1 -2R d v div 21I R r I

( "jkLU1 -jkRd

E = -30 I cosac sinl F+F 2 e 
1 ) e Rd

(D-41)
-j kU2 ) -jk R

+ Rh div (F 2 + rl e R

HORIZONTAL YAGI-UDA ARRAY

-jkR

cos6 cosO e
E j60 -
e o 2 [R

sin L d

(D-42)

-jkR
____Hnir kY sine sinOe N i

a - I I e
v div R 1i- mi

J L
x Icoo (ktL coo*) -coo kl1
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r -jkR

sino e
E = j60 -

*2 R
sin d

(D-43)
-jkR [NI er JkYi sine sin

e r N I e

+ R a mi
h div 1

x { cos (kXi cos*) - cos di

HORIZONTALLY POLARIZED LOG-PERIODIC DIPOLE ARRAY

r jkY cscO' cos4,"
cose coso u i

E = -j60 I e (cos(kg cos*)-cosk£ }
0 2 = mi i

sin

-jkR -jkR 1 D-4
d r -j2k (H -H) cos (D-44)

e e i I
x R a e

R R v div
d r

jkY csce" coon
sino N i

E j60 - I e {cos (kX cosf)-coskX }

2 i-i mi i
sin

-jkR -jkR 'I (D-45)

(e d r -j2k(H -H coseee i

x + -- R a e

R R h div
d r
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VERTICALLY POLARIZED LOG -PERIODIC DIPOLE ARRAY

j6 I jk (H -H cose

E- I - e(cos Wk case) -coskk

(D-46)

jkY sec(cl +a cos*'
i 2 3e

e jkR r -j2k(H.i-H )cose

6R endir J
E =0 (D-47)

CURTAIN ARRAY

jkZ (cose-cose
cos(kcos*) - cosk. m a

E -J60 1 sino I C e
Om 2 i=1 i

sin )

(D-48)

x as [~kd -ekr R ive2kZ case]
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jkZ (case-case
cos(k~tcosip)-coskt M ± a

E j60 I cas C e

* in ~s i n 2  =

(D-49)

d kr -j2kZ COSe)

ee i
x - + - x Ra e S

RR h div Jx y

SLOPING DOUBLE RHOMBOID

E =30 1 osa'cosesin(O-a-y) 1-e-jkl 1 ejk

I jL 1 1 Ij I (D-50)

I -ejk1 , e jk
v div U R I

sini sine -- jk e Jkd

-jkk 1 U u jkR

+ R a -
v div U1  R
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j kt -k2 U3 -JkRd
Ee3 3 0 1 m osa, cose sin (O+a+$) {-e u eR

3  sd

-jkl 2 U3  -jkR (D-51)

R v adiv U3 " Rr
3 r

+ sinaI sine 1e ____ e_ _d

U3 Rdu3 sd

1-e-j k 2 U3  e -jkRr}

+ Rv adiv U3 ' RJr

-jk 2 U3  -JkY. 1 U1 -jkRdE e8 = 30 I m  e 2 ocos C ose sin(- -y) 1-e 1e R dEeB =
301me F1 sdosJ

IjLU -jR (D-52)
Rvadiv 1 u  jkRr -j2k (H -H cos(

- eR xe

r

j kU 1 -jkRd
+ sint sin6 1-e 1 _ e

UI  Rd
u1 Rd-jkL 1  -jkRr }

1-e U e r -j2k (H3 -H1 ) cos

v div U R
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E =30 1 e- ,1 u Lo8acosesifl {le,+O2U3 e kd
86 m (++) U3R (-3

23 ~ ~ U rdjkHHcs

-R a 1-e Jk2 3' e -jRr jk (H2 -H1 Coa(-3
v div u 3 R e

I 3 Rd

+ R a 1 -e kt2 3 e - kRd -~( H1)Cs
v s inc sin __ _R_ _ e

~ 3  rd

64 m U R jk

1 - e _ _ _ _ __17 4 e 2j k 1 'D - 4

Rdiv U4 2R r -jkH H

I-e-j' 1 u4 e -jkR

I U41  R

1e-jkX~ 174 e -jkR (D54

Rv adiv U R
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E 67 30 1 me [cosa'cosesin( -a-a) _iue___ __ R
2n d

-jk2 2U2  .jkR -j2k(H -H )COSO D5

-Ra 1-e e ~2 1
v div 

U2 jkt R e 
I 

k

" sina' sine (1eJ U2 eR d

-jkl 2 U 2  -jkR jkH- Cs

"Rv -div U2e - R e 21

U2A r

-jk. U k1 4 Rd
E~ ~ -0 2 1-e __ e

E 0 cosa cosesin(pa+y)R

-j k-t U A -jkRU4d(-6

1-e 1 4 e r -j2k(H 3 -H 1)cs

-R v -dv e csj

-j kdt1 U4  -jkR d

-sina' sine 1-e U4 e

1--jk' 1 u4 e -jkR r -j2k(H 3 -H I )s

+ R va d. 7UA R r e
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E 62 =30 1I Iosa'cosesin( -z-a) jIe ueRd

Cd

-jkY.2 u2 ' -jkr (D-57)

R 1-e e

v div

-jkl U2  -ikRd

I1-e e
snAsine 2

+U RR

v div URr

________ ;kRd
*E =-30 1 cosa'cos(O-a-Y)e

m 
R

-jkLU 1 '[-ikiui(D-58)
1-e-kR

E =30 1 cosc~cos(o+t+$) e
*3 m Rd

jkX2 3  jkR l (D-59)

1-e e
+ Rh "div U3  RJ

-jkl 1U
2 3 [-e2iu ekdE =30 1 e cosaxcos(O-a3-Y)

Jk JRd 
(D-60)

1-h~ iv ie k l l 1 k r -j2k(H 3 -H 1 )cose
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-j k% 1 u1 1-j ki2 u3  e - kR d

E = -30 1I e cos axcos( 9+8l) u3 - R d( - 1

-jk. U - jkR -~2( 2 HlC~](-1
1-e 23 e e jkH2- CS

+ Rhadiv U 3  R

[ jkl2 u2  -jkR d

E = 30 1 cosa'cos( -L-a)

02 mI u R d(D-62)

-jk9t U 2 k
-e 2 2 e _

+Rh "div
2r

[ -jkl 1U4  -jkR d

E= 30 1 cosa'cos(O [L++y U RdE 4m 1.y) U4
1-e jkX u 4 e -kR r(D-63)

+h div 4

- 3 1 e Jk Iu c[Iek"U ejkR d
E ~ jLU c7osa ccs(O-a-0) UR

E R 30 cdi I R R

2 r
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-jkL2U2  -kI U4  JkRd
EJk 2 -3u 2 R-
E 3 me cosoleos( +a) U4 Rd

-jkl1 U4 ' -jkRr -j2k(H -H) Cos()

+FhdvIeu4 r RJ

E E i(D-66)

E Z E (D-67)

i- 1
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DEPARTMENT OF THE ARMY
U.S. ARMY COMMUNICATIONS COMMAND

FORT HUACHUCA, ARIZONA I5613

CCC-EMEO-PED " T ;

SUBJECT: Calculation of Antenna Power Gain

*-Director

Electromagnetic Compatibility
Analysis Center, North Severn

ATTN: XM
Annapolis, Maryland 21402

1. Reference is made to lIT Research Institute Report Number ESD-TR-80-102,
July 1981, subject: APACK, A Combined Antenna and Propagation Model.

2. Section seven of the referenced report makes comparisons between the
antenna gains predicted by the accessible antenna package (APACK) manufac-
turer's data, ERL 11O-ITS-78 (SXYWAVE), M.T. MA, and the Numerical Electro-
magnetic Code (NEC). Several disagreements and unsolved problems were en-
countered in this section and our comments are attached as an inclosure.

3. If additional work is performed of this type, it is recommended that
the accuracy of the calculated power gains be determined for each antenna
as well as the differences between computer programs. Since antenna de-
sign is a responsibility of this Agency, any information concerning accur-
acy of computer programs would be appreciated.

FOR THE COMMANDER:

1 Incl MILES A. MERKEL
as Chief, Electromagnetics Engineering Office
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